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SUMMARY 
T h e p u r p o s e o f t h i s w o r k i s t o c o n s t r u c t a n e c o n o m i c m o d e l w h i c h 
c a n b e u s e d t o a n a l y z e t h e e c o n o m i c p o t e n t i a l o f v a r i o u s u n d e r s e a m i n e r a l 
d e p o s i t s . T h i s e c o n o m i c m o d e l , w h i c h i s p r e s e n t e d i n C h a p t e r V o f t h i s 
w o r k , i s b a s e d on t h e a n a l y s e s w h i c h w e r e c o n d u c t e d i n t h e f i r s t f o u r 
c h a p t e r s . T h e s e a n a l y s e s w e r e c o n d u c t e d t o d e t e r m i n e t h e p a r a m e t e r s 
w h i c h s h o u l d b e i n c l u d e d i n t h e e c o n o m i c m o d e l . 
A f t e r t h e m o d e l i s c o n s t r u c t e d , i t i s t e s t e d w i t h d a t a c h a r a c t e r ­
i s t i c o f P a c i f i c O c e a n m a n g a n e s e n o d u l e d e p o s i t s . F o u r t e s t s a r e 
c o n d u c t e d w i t h t h e m o d e l f o r t h e p u r p o s e o f d e t e r m i n i n g t h e e c o n o m i c 
i m p o r t a n c e o f v a r i o u s p a r a m e t e r s . T h e r e s u l t s o f t h e s e t e s t s i n d i c a t e d 
t h a t t h e m a r k e t p r i c e s o f t h e m i n e r a l s w h i c h w e r e p r o d u c e d f r o m t h e 
m a n g a n e s e n o d u l e d e p o s i t w e r e t h e m o s t i m p o r t a n t e c o n o m i c p a r a m e t e r s . 
A n a l y s i s o f t h e r e s u l t s o f t h e s e t e s t s a l s o i n d i c a t e d t h e r e may b e a n 
e c o n o m i c i n c e n t i v e t o m i n e P a c i f i c O c e a n m a n g a n e s e n o d u l e s a t t h i s t i m e , 
b u t f i n a n c i n g t h e h i g h r i s k m i n i n g i n v e s t m e n t may b e d i f f i c u l t . 
1 
C H A P T E R I 
I N T R O D U C T I O N AND O B J E C T I V E S 
I n t r o d u c t i o n 
R o u g h l y 7 1 p e r c e n t o f t h e e a r t h ' s s u r f a c e h a s r e m a i n e d r e l a ­
t i v e l y u n t a p p e d b y man i n h i s s e a r c h f o r m i n e r a l r e s o u r c e s . T h i s v a s t 
a r e a o f a p p r o x i m a t e l y 1 3 9 ? ^ 0 , 0 0 0 s q u a r e m i l e s i s c o v e r e d b y t h e o c e a n s 
o f t h e w o r l d a n d i s b e l i e v e d t o c o n t a i n many o f t h e r e s o u r c e s n e e d e d b y 
man i n t h e f u t u r e . One e x p e r t ( 1 7 ) b e l i e v e s t h a t b y 1 9 9 ° "the m i n e r a l 
r e s o u r c e s o f t h e o c e a n w i l l b e s u p p l y i n g t h e b u l k o f t h e f r e e w o r l d ' s 
c o n s u m p t i o n o f m a n g a n e s e , n i c k e l , c o p p e r , c o b a l t a n d many o t h e r m i n e r a l s . 
T h e a c c u r a c y o f t h i s p r e d i c t i o n d e p e n d s on t h e d e v e l o p m e n t o f e c o n o m i c 
a n d t e c h n o l o g i c a l s y s t e m s f o r e x t r a c t i n g t h e m i n e r a l s f r o m t h e i r o c e a n 
e n v i r o n m e n t . T h e s e o c e a n s y s t e m s w i l l h a v e t o c o m p e t e w i t h l a n d b a s e d 
m i n i n g o p e r a t i o n s w h i c h h a v e d e v e l o p e d f r o m c e n t u r i e s o f m i n i n g e x p e r i e n c e . 
T h e e x i s t e n c e o f e s t a b l i s h e d l a n d b a s e d m i n i n g s y s t e m s w i l l p r o v e 
b o t h a n a i d a n d a d e t e r r e n t t o p i o n e e r o c e a n m i n i n g s y s t e m s . T h e 
k n o w l e d g e g a i n e d a n d t h e t e c h n o l o g y d e v e l o p e d f r o m l a n d m i n i n g w i l l 
c e r t a i n l y b e a p p l i e d t o o c e a n m i n i n g a n d c o u l d r e s u l t i n o p e r a t i o n s f r e e 
o f t r a d i t i o n a l m i n i n g i n e f f i c i e n c i e s . T h e a b s e n c e o f s u f f i c i e n t k n o w l e d g e 
c o n c e r n i n g t h e o c e a n e n v i r o n m e n t a n d i t s e f f e c t on o c e a n m i n i n g s y s t e m s , 
h o w e v e r , may r e s u l t i n o t h e r i n e f f i c i e n c i e s p e c u l i a r t o t h e o c e a n s y s t e m . 
T h e i n i t i a l c o s t o f t h e o c e a n m i n i n g s y s t e m w i l l b e g r e a t e r t h a n a 
s i m i l a r l a n d b a s e d s y s t e m , a n d t h e r e f o r e , t o b e e c o n o m i c a l l y j u s t i f i e d 
t h e o c e a n s y s t e m m u s t p r o v i d e g r e a t e r o p e r a t i n g e f f i c i e n c i e s . H i g h e r 
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throughput, greater concentrations of minerals, and reduced transportation 
costs could be some of the advantages which make the exploitation of an 
ocean deposit economically feasible. This, of course, depends on the 
ocean deposit involved. In the case of phosphate rock deposits which are 
found off the coast of several countries, the transportation cost is one 
of the prime economic factors. Phosphate is a relatively low priced 
mineral and the delivered price may sometimes be double the mine site 
price. For areas which are void of land phosphate deposits but have 
nearby ocean deposits, the savings in transportation costs may justify 
the development of ocean phosphate mining systems. 
Objectives 
The need for investigations of the economic conditions which would 
make undersea mining feasible for entrepreneuring firms prompted this 
study. Knowledge gained from investigations of this nature is important 
because it informs potential investors of the conditions under which 
ocean minerals can be considered as economically mineable resources. With 
this motivating idea in mind, the following set of objectives were out­
lined for this study. 
(1) To identify the major economic and physical parameters 
which affect the economic system of an ocean mining venture. 
(2) To develop an economic model based on the major physical 
and economic parameters identified through objective 1 . 
(3) To incorporate a measure of economic worth in the model 
which will measure the effects of varying parameter values. 
(k) To test the model with data characteristic of a particular 
ocean mineral deposit and to measure the sensitivity of 
variables in the model. 
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(5) In the test case, to make conclusions about the values 
of parameters and their effects on the economic worth of a 
mining venture. 
The main purpose of this paper is to determine the economic 
factors affecting the exploitation of undersea mineral deposits and to 
develop an economic model applicable to a wide range of undersea de­
posits. Exploitation in this context refers to the exploration for 
mineral deposits, the extraction of the ore, the beneficiation and pro­
cessing of the ore, the transportation and marketing of the mineral 
products, and the disposal of waste products. The content of the paper 
will be basically restricted to ocean deposits which occur on the 
surface of the seafloor or are contained in the first layers of undersea 
sediment and rock. These are the most likely deposits for initial 
ocean mining ventures because they are the easiest to find and in some 
cases can be mined using various dredging techniques. Deposits of coal 
and iron ore which occur in veins in oceanic mountains or ridges are 
more difficult to locate and to exploit. At the present time this type 
of deposit is mined only from land based tunnels, as an ocean based 
system would require highly sophisticated equipment and methods. 
Other deposits such as oil, gas, and sulfur are presently being 
mined in great quantity from the oceans. The offshore production of oil 
and natural gas alone approaches $^.5 billion per year in value (13)» 
The recovery procedure for these minerals is very specialized, however, 
and will not be covered in this paper. The procedure involves drilling 
bore-holes through the ocean floor and pumping the mineral in a liquid or 
gaseous state to the surface. The drilling is usually done relatively 
n e a r s h o r e f r o m o c e a n p l a t f o r m s . T h e t r e n d , h o w e v e r , h a s b e e n t o d r i l l 
f u r t h e r a n d f u r t h e r f r o m l a n d , a n d new t e c h n i q u e s may h a v e t o b e d e v e l o p e d 
i n t h e f u t u r e . 
T h e l o c a t i o n o f u n d e r s e a d e p o s i t s v a r i e s f r o m n e a r s h o r e b e a c h 
a n d c o n t i n e n t a l s h e l f d e p o s i t s t o d e e p s e a d e p o s i t s i n d e p t h s e x c e e d i n g 
1 2 , 0 0 0 f e e t . T h e s o u r c e s o f t h e s e d e p o s i t s a l s o v a r y , b u t a r e t h o u g h t 
t o b e g e n e r a l l y d e p e n d e n t on t h e w a t e r c y c l e . A s r a i n f a l l s on l a n d , 
i t a b s o r b s some o f t h e m i n e r a l c o n t e n t o f t h e e a r t h a n d c a r r i e s i t i n t o 
t h e s e a . T h e d y n a m i c f o r c e s o f t h e s e a t h e n d i s t r i b u t e t h e m i n e r a l s 
a c c o r d i n g t o some p r e f e r e n t i a l p a t t e r n . T h e m i n e r a l s may b e t r a n s p o r t e d 
b y t h e movement o f t h e o c e a n w a t e r s u n t i l a p a r t i c u l a r o c e a n e n v i r o n ­
men t c a u s e s t h e m t o p r e c i p i t a t e . T h e r e s u l t i s a m i n e r a l d e p o s i t a t a 
s p e c i f i c u n d e r s e a l o c a t i o n . One e x p l a n a t i o n f o r t h e e x i s t e n c e o f m a n ­
g a n e s e a n d p h o s p h a t e r o c k d e p o s i t s , f o r e x a m p l e , i s b a s e d on t h i s p r e ­
c i p i t a t i o n c o n c e p t . A n o t h e r t h e o r y , h o w e v e r , i s t h a t t h e m a n g a n e s e 
n o d u l e s w e r e f o r m e d f r o m u n d e r s e a v o l c a n i c e r u p t i o n s . When more k n o w l e d g e 
i s g a i n e d a b o u t t h e o c e a n a n d a b o u t t h e f o r m a t i o n o f t h e s e m i n e r a l d e ­
p o s i t s , man may b e a b l e t o r e l a t e t h e o c e a n c o n d i t i o n s t o t h e f o r m a t i o n 
o f s p e c i f i c m i n e r a l d e p o s i t s a n d i n t h i s w a y n a r r o w t h e s e a r c h f o r 
m i n e r a l s t o p a r t i c u l a r r e g i o n s . 
J u r i s d i c t i o n o v e r o c e a n d e p o s i t s h a s n o t y e t b e e n d e f i n i t e l y 
e s t a b l i s h e d a n d l e g a l r i g h t s w i l l b e one o f t h e many f a c t o r s p i o n e e r i n g 
u n d e r s e a m i n i n g f i r m s w i l l h a v e t o c o n s i d e r . P i o n e e r f i r m s w i l l n e e d 
some g u a r a n t e e o f e x c l u s i v e m i n e r a l r i g h t s , o t h e r w i s e t h e y w i l l b e t a k i n g 
a r i s k t h a t someone e l s e w i l l e n c r o a c h on t h e s y s t e m t h e y h a v e d e v e l o p e d . 
T h i s f a c t o r , a l o n g w i t h many o t h e r s , w i l l b e e x a m i n e d i n t h e m e t h o d o l o g i c a l 
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o r d e r l i s t e d b e l o w . A f t e r t h e e c o n o m i c f a c t o r s h a v e b e e n d e t e r m i n e d , 
a n e c o n o m i c m o d e l w i l l b e d e v e l o p e d a n d t e s t e d . 
(1) A n a l y s i s o f t h e v a r i o u s t y p e s o f m i n e r a l s w h i c h a r e known 
t o e x i s t i n o c e a n d e p o s i t s . 
(2) A n a l y s i s o f t h e e n v i r o n m e n t a l f a c t o r s w h i c h w i l l a f f e c t 
u n d e r s e a m i n i n g o p e r a t i o n s . 
(3) A n a l y s i s o f t h e c u r r e n t t e c h n o l o g y i n u n d e r s e a m i n i n g . 
(k) D e t e r m i n a t i o n o f t h e e c o n o m i c f a c t o r s r e l a t e d t o u n d e r s e a 
m i n i n g f r o m t h e i r a s s o c i a t e d p h y s i c a l p a r a m e t e r s . 
(5) D e v e l o p m e n t o f a g e n e r a l e c o n o m i c m o d e l f r o m t h e e c o n o m i c 
f a c t o r s d e t e r m i n e d i n s t e p k. 
( 6 ) P r o j e c t i o n s a n d c o n c l u s i o n s a b o u t u n d e r s e a m i n i n g f r o m t e s t s 
made u s i n g t h e e c o n o m i c m o d e l . 
M i n e r a l s 
T a b l e 1 g i v e s a l i s t i n g o f m a t e r i a l s w h i c h c o u l d b e won f r o m 
t h e s e a (15) a n d (l8). Some o f t h e s e m a t e r i a l s a r e a l r e a d y b e i n g e x ­
t r a c t e d f r o m o f f s h o r e d e p o s i t s a n d t h e r e m a i n d e r a r e b e i n g c o n s i d e r e d f o r 
e x p l o i t a t i o n a t t h i s t i m e . T h e m o s t p r o b a b l e m a t e r i a l s t o b e m i n e d i n 
t h e i m m e d i a t e f u t u r e a r e : 
(1) M a n g a n e s e n o d u l e s c o n t a i n i n g m a n g a n e s e , n i c k e l , c o p p e r a n d 
c o b a l t l o c a t e d i n P a c i f i c a n d A t l a n t i c O c e a n d e p o s i t s ; 
(2) R e d S e a s e d i m e n t s i n t h e D e e p s o f t h e R e d S e a w h i c h c o n t a i n 
g o l d , s i l v e r , z i n c a n d c o p p e r ; 
(3) P h o s p h o r i t e n o d u l e s l o c a t e d o f f t h e c o a s t o f C a l i f o r n i a . 
D e e p s e a V e n t u r e s , a s u b s i d i a r y o f T e n n e c o O i l C o m p a n y , h a s a l r e a d y 
t e s t e d a d e e p s e a o c e a n m i n i n g s y s t e m f o r t h e r e c o v e r y o f m a n g a n e s e 
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n o d u l e s i n t h e P a c i f i c O c e a n . T h e managemen t o f t h i s f i r m p l a n s t o 
p r o d u c e m i n e r a l s f r o m d e p o s i t s i n t h e P a c i f i c b y 1975- P r e l i m i n a r y 
r e s e a r c h , d e s i g n a n d t e s t i n g o f t h i s o c e a n m i n i n g s y s t e m h a s a l r e a d y 
c o s t D e e p s e a V e n t u r e s $20 m i l l i o n , a n d t h e company e x p e c t s t o s p e n d a 
t o t a l o f $200 m i l l i o n b e f o r e t h e f u l l s c a l e m i n i n g s y s t e m i s c o m p l e t e (22). 
T a b l e 1 . M a t e r i a l s o f I n t e r e s t f r o m t h e S e a 
C e m e n t S a l t C o a l 
I r o n O r e P o t a s h O i l 
C o p p e r P l a t i n u m M e t a l s G a s 
L e a d F l u o r s p a r S u l f u r 
Z i n c M a g n e s i u m M e t a l C a l c i u m C a r b o n a t e 
S i l v e r C h r o m i t e M o n a z i t e 
G o l d T u n g s t e n C a s s i t e r i t e 
Gypsum M e r c u r y M a g n e t i t e 
C o b a l t B r o m i n e M o l y b d e n u m 
N i c k e l C o l u m b i u m V a n a d i u m 
S a n d a n d G r a v e l T a n t a l u m C l a y s 
D i a m o n d s R u t i l e C a l c a r e o u s O o z e s 
M a n g a n e s e O r e B a r i t e S i l i c e o u s O o z e s 
P h o s p h a t e I l m e n i t e S t r o n t i u m 
T i n B i s m u t h B o r a x 
B a u x i t e Z i r c o n S c h e e l i t e 
U r a n i u m P r e c i o u s C o r a l 
W o l f r a m i t e G l a u c o n i t e 
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Environmental Factors 
The type of mineral deposit and its geographic location determine 
many of the environmental factors which undersea mining firms, such as 
Deepsea Ventures, must face. The dynamics of ocean water, depth, dis­
tance from shore, weather, and the stability of the seafloor are only a 
few of these environmental factors. The mining system must be designed 
to operate under varying states of these factors. Since large capital 
investments of $ 2 0 0 million or more are involved in ocean mining systems, 
large quantities of production must "be forthcoming to make the systems 
economically feasible. A maximum operating time is thus desired in most 
ocean systems. Innovative changes in equipment design can be made in 
some locations where environmental conditions prohibit the use of con­
ventional techniques. For instance, waves and swells of 5 feet are 
generally considered a limiting condition for the operation of most 
conventional dredging and drilling techniques. Off the coast of Southwest 
Africa, where diamonds are presently being dredged from the seafloor with 
hydrulic dredges, wave conditions often exceed this 5-foot limiting 
height. In this case, new equipment capable of working in a 10-foot sea 
gives 2 5 0 per cent more dredging time than that limited to a 5-foot sea. 
The increased operating time permits higher utilizations of costly mining 
equipment and results in significant increases in production ( 8 ) . 
Hardware 
The design of hardware for ocean mining operations is extremely 
important to the economic system of ocean mining, because the environ­
mental conditions mentioned above can cause dramatic fluctuations in 
mineral production. If the hardware is not designed to operate under the 
environmental conditions of a particular ocean deposit location, the 
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throughputs of minerals will probably be inadequate to justify the mining 
operation. The types of hardware which will be needed for typical ocean 
mining operations are: 
(1) various types of exploration equipment such as core drills, 
samplers, undersea submersibles, survey vessels, magneto­
meters, and sample analysis equipment; 
(2) extraction equipment such as bucket ladder dredges, drag­
lines and clamshells, hydraulic dredges, air-lifts, hydro-
jet dredges, and various types of seafloor mining equipment; 
(3) beneficiation facilities for washing, sizing, comminution, 
flotation, amalgamation, course gravity and magnetic separation; 
(k) transportation equipment such as barges, ore carriers, pipe­
lines, slurry ships, and possibly ore carrying submarines; 
(5) accurate navigation and positioning equipment; 
(6) processing facilities which will depend on the type of 
minerals and mineral compounds present in the extracted ore, 
as well as the cost of various processing techniques for a 
particular geographic location; 
(7) other miscellaneous types of equipment such as helicopters 
to fly supplies and personnel to the mining operation, 
loading and unloading equipment for barges and ships, and 
storage facilities for the different stages of production. 
Organization 
The next three chapters of this paper analyze previous economic 
work, the minerals of the ocean, the available hardware for ocean mining, 
and the environmental conditions which exist at ocean mining sites. 
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Through these analyses certain basic economic factors are determined. 
Every mineral deposit will of course have economic charcteristic which 
are peculiar to the physical and economic environment in which the deposit 
exists. The purpose of the economic model which is developed in this 
paper is to group these economic characteristics into general categories 
or subsystems of the total economic system of ocean mining and to determine 
the basic interactions of the subsystems. 
Incorporated within the economic model is a measure of economic 
worth to evaluate various ocean mining deposits. The rate of return 
technique, a generally accepted measure of economic worth for capital 
investments, is used. This technique will account for the differences in 
the time of receipts and expenditures in the cash flow of an ocean 
mining firm. The time value of money is an extremely important consi­
deration in ocean mining activities because there may be as many as six 
years between the initial expenditures and the first revenues. 
Table 2 shows a basic breakdown of the subsystems of the economic 
system as defined by this economic model. These subsystems can be 
thought of as cost or revenue generating parts of an ocean mining system. 
They are grouped according to the function they accomplish for the mining 
operation, but they should be considered as interacting parts of the 
whole system and not as individual functions. The interfaces between the 
various functions may be as important or more important than the optimi­
zation of the function itself. The mining subsystem must integrate 
smoothly with the transportation subsystem and the processing subsystem 
to efficiently produce a product. In addition, the product produced must 
be of a quality and cost to satisfy the marketing function. All of these 
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parts are essential to the operation of the economic system. 
Table 2. Economic Subsystems 
Subsystem Basic Components 
Developmental 
Exploration 
Design of Equipment 



























Table 2 gives the general format on which the economic model is 
based. A finer breakdown of the components of the subsystems is given 
in a later chapter, but the above structure is retained in the model. 
Most ocean mining systems will have a structure similar to this one. 
Some mineral deposits may omit or rearrange the subsystems, however. 
Sand and gravel deposits, for instance, may not require processing before 
they are marketed. 
After the development of the economic model, a test is made of 
the model using data from Pacific Ocean manganese nodule deposits. These 
deposits have received considerable attention in the literature of the 
last few years, and previous studies have indicated that ocean manganese 
nodules may be economical to mine at this time (18). They were chosen 
for this test because of the relative abundance of available information 
concerning them. 
The tests consist of varying one of the economic parameters of 
1 2 
t h e m o d e l w h i l e t h e r e m a i n i n g p a r a m e t e r s a r e h e l d c o n s t a n t . T h e r e s u l 
t a n t c h a n g e s i n t h e m e a s u r e o f e c o n o m i c w o r t h u s e d i n t h e m o d e l g i v e 
i n d i c a t i o n s o f t h e i m p o r t a n c e o f t h e t e s t e d e c o n o m i c p a r a m a t e r t o t h e 
e c o n o m i c s y s t e m . I n c l u d e d among t h e v a r i a b l e s w h i c h w e r e c h o s e n f o r 
e x a m i n a t i o n a r e : 
( 1 ) t h e p r o d u c t i o n r a t e p e r y e a r , 
( 2 ) t h e c o s t o f t h e m i n i n g e q u i p m e n t , 
( 3 ) t h e number o f y e a r s c a p i t a l i s b o r r o w e d , 
(k) t h e m a r k e t p r i c e f o r t h e m i n e r a l s . 
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CHAPTER II 
MINERALS OF INTEREST 
Table 1 of Chapter I listed the ocean minerals which are con­
sidered to be of potential economic importance. Marine exploration 
activities have thus far found these minerals in a variety of locations 
and in several different types of deposits. Classified according to 
type of deposit they are: (l) minerals contained in seawater, (2) 
surficial and buried beach and placer deposits, (3) metal rich sedi­
ments in Red Sea Deeps, (h) surficial nodular or crust type deposits, 
(5) vein deposits in undersea rock, (6) seafloor clays and oozes, and 
(7) other deposits such as oil, sulfur, gas and salt (8) and (l8). 
Deposits of types (2), (3), (h)9 and (6) are the ones of prime 
interest in this study. Minerals contained in seawater are not covered 
because the typical recovery system for them does not necessarily have 
to be designed to cope with the dynamic forces of an ocean environment. 
Facilities for extracting minerals from seawater can be located on land 
and the adjacent ocean waters can serve as the ore body. This system 
does not require the extensive exploration activities or the ocean 
support systems that undersea mining operations require. Deposits of 
the vein type, such as coal or iron ore, on the other hand, require 
more technological development than do the surficial deposits. Locating 
these vein deposits and extracting the mineral ore is much more difficult, 
and therefore, they will probably lag behind surficial deposits in 
economic development. At the present time some of these vein deposits 
I k 
are mined through land based tunnels which extend under the ocean, 
however, there are no ocean based systems mining them. Other deposits 
of oil, gas, and sulfur are not emphasized in this study because the 
technique for their recovery is specialized and already well developed. 
Beach and Placer Deposits 
One of the easier types of deposits to mine are the nearshore 
beach and placer deposits containing minerals such as gold, platinum, 
diamonds, magnetitite, ilmentie, zircon, rutile, columbite, chromite, tin, 
cassiterite, scheelite, wolframite, monozite, quartz, calcium carbonate, 
and sand gravel (l8). Gold has been reported off the coast of Alaska 
and Oregon in placer deposits of the continental shelf, but does not 
appear to be present in economically mineable quantities. Analyses of 
82 samples collected from the surface of the continental shelf between 
the Oregon-California border and Eureka, California indicate that the 
background gold content of this shelf is about 0.1 ppb. Other tracts 
have gold values abouve 10 ppb and the richest sample contains 39° PPb. 
Based on a price of $35/oz. for gold, 10 ppb is equivalent to $0.01 per 
ton. At these values surface concentrations are not economical, but 
there may be higher concentrations located in buried placer deposits (21). 
Several companies have applied for and received permits to ex­
plore the continental shelf off Nome, Alaska. These permits, however, 
may not reflect the actual interest in mining this area; because they can 
be obtained for only $20. Some of the companies which have applied for 
them are probably speculating on the chance that gold will be found in 
sufficient concentrations to mine (18) and (25). 
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D i a m o n d s a r e c u r r e n t l y b e i n g m i n e d o f f t h e c o a s t o f S o u t h w e s t 
A f r i c a b y t h e M a r i n e D i a m o n d C o r p o r a t i o n . T h i s c o m p a n y b e g a n o p e r a t i o n s 
i n 1 9 6 1 a n d h a s m i n e d d i a m o n d s i n w a t e r s u p t o 1 0 0 f e e t d e e p . D i a m o n d s 
u s u a l l y o c c u r i n c o n c e n t r a t i o n s o f a b o u t one p a r t d i a m o n d p e r 1 0 0 m i l l i o n 
p a r t s o f g a n g u e m a t e r i a l i n t h e s e o f f s h o r e a r e a s , a n d t h e r e f o r e h i g h 
t h r o u g h p u t s o f m a t e r i a l a r e r e q u i r e d f o r e c o n o m i c r e c o v e r y . M a r i n e 
D i a m o n d C o r p o r a t i o n ' s r e c o v e r y s y s t e m i n c l u d e s a i r - l i f t h y d r a u l i c 
d r e d g e s w i t h t h r o u g h p u t s o f 1 3 , 3 8 0 a n d 2 5 , 2 0 0 c u b i c y a r d s p e r m o n t h . I n 
1 9 6 U - 1 9 6 5 , 2 2 1 , 5 0 0 c u b i c y a r d s o f d r e d g e d m a t e r i a l y i e l d e d $ 8 . 0 m i l l i o n 
w o r t h o f d i a m o n d s ( 9 ) . E v e n w i t h t h i s h i g h t h r o u g h p u t , h o w e v e r , t h e 
M a r i n e D i a m o n d C o r p o r a t i o n r e p o r t e d a l o s s o f $ 2 . 0 2 p e r c u b i c y a r d o f 
g r a v e l i n t h a t y e a r . P a r t o f t h i s l o s s w a s d u e t o a s t o r m i n t h e a r e a 
w h i c h w r e c k e d one o f t h e m i n i n g v e s s e l s . T h i s p o i n t s o u t t h e n e e d t o 
a n a l y z e t h e e n v i r o n m e n t a l c o n d i t i o n s o f t h e o c e a n a n d t o p r e p a r e f o r t h e 
w o r s t c o n d i t i o n s w h i c h c o u l d b e e x p e c t e d f o r a p a r t i c u l a r l o c a t i o n . 
T h e m i n i n g v e s s e l s u s e d b y M a r i n e D i a m o n d C o r p o r a t i o n a r e c o m b i n e d 
a i r - l i f t a n d s u c t i o n d r e d g i n g e q u i p m e n t i n s t a l l e d on c o n v e r t e d p i p e 
l a y i n g b a r g e s . T h e d i a m o n d s a r e r e c o v e r e d f r o m t h e d r e d g e d m a t e r i a l 
a b o a r d t h e m i n i n g v e s s e l t h r o u g h t h e u s e o f a s y s t e m t o s e p a r a t e t h e 
d i a m o n d s f r o m t h e g a n g u e m a t e r i a l . T h e f i n a l c o n c e n t r a t e f r o m t h e r e ­
c o v e r y p r o c e s s i s h a n d - s o r t e d t o r e m o v e t h e d i a m o n d s . T e s t s r u n on t h e 
s y s t e m i n d i c a t e t h a t i t i s a l m o s t 1 0 0 p e r c e n t e f f i c i e n t i n t h e r e c o v e r y 
o f d i a m o n d s b e t w e e n 1 . 5 mm i n d i a m e t e r t o 1 i n c h i n d i a m e t e r ( 1 7 ) « 
M a g n e t i t e , o r i r o n s a n d , i s a n o t h e r m i n e r a l f o u n d i n n e a r s h o r e 
b e a c h d e p o s i t s . I n m o s t c a s e s m a g n e t i t e i s f o u n d i n c o n c e n t r a t i o n s t o o 
l o w t o w a r r a n t r e c o v e r y s y s t e m s . H o w e v e r , i n A r i a k e B a y , J a p a n , k-0 
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million tons of refineable iron ore reserves have been reported in a 31 
square mile area. These sands are presently being mined with grab-bucket 
dredges at a reported production rate of 30,000 tons per month. According 
to John L. Mero the cost of dredging and concentrating the sands is 
approximately $5 per ton of concentrate. The deposits assay at 56 per cent 
iron and 5 per cent of the dredged material is recoverable iron ore 
(l8). In 1962 there were three offshore mining operations for recovering 
iron sands in Japan. These operations yielded 36,000 tons of iron ore 
at a value of $3.6 million ( 9 ) . 
One of the less glamerous but more profitable minerals obtained 
from beach deposits is sand and gravel. In 1966 there were 38 mining 
operations dredging sand and gravel in the United States and Great 
Britain. The operations produced 100 million cubic yards of material at 
a value of approximately $100 million (9). Sand and gravel is used for 
beach filling, in roads, or other construction filling functions. It is 
dredged from undersea deposits with hydraulic dredges and normally re­
quires no processing. Offshore world production of this material in 
1967-1968 was estimated to be $150 million (16). 
Explorations of beach deposits off the coast of Australia have 
resulted in the discovery of heavy mineral deposits of zircon, rutile, 
and ilmenite. Planet Metals Ltd. of Sidney, Australia, has been ex­
ploring this area of approximately 3 , 1 1 1 square miles since the mid 1960*s 
and has plans to mine the heavy minerals. The company has not published 
the economic factors of recovery, but it is believed that there are 
several areas which have high potential. The heavy minerals have thus 
far been found in two types of deposits: (l) blanket type of deposits 
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of 5 to 1 5 foot depth and in some cases 1 per cent heavy mineral content, 
and ( 2 ) narrow seams of minerals and sand kOO to 1 0 0 0 feet wide, 1 0 to 
1 5 feet thick, and buried beneath 1 0 or 1 5 feet of barren sand. The 
longest seam discovered is 1 6 , 0 0 0 feet long and contains greater than 1 
per cent heavy mineral content (h). 
In placer deposits off the coast of Thailand and Indonesia, tin 
is mined with ladder-bucket dredges. The deposits are located in water 
6 0 - 1 0 0 feet deep. In 1 9 6 5 offshore mining of tin produced 1 0 , 0 0 0 tons 
of concentrates at a value of $ 2 4 . 2 million ( 9 ) . Although a relatively 
low priced mineral, tin can be recovered from ocean deposits with a 
substantial profit for the mining firm. 
Red Sea Deposits 
Estimates of the value of heavy metals in the Atlantis II Deep 
of the Red Sea have been $ 1 . 5 billion, $ 2 . 5 billion, and $ 8 billion ( 1 2 ) . 
The variations in these estimates is due to uncertain factors related 
to the deposits. Unfortunately, the data from observations of this deep 
and others in the Red Sea have not been coordinated to give a definite 
picture of the deeps. Uncertainty exists about the thickness of the 
sediment layer, the variation in composition between different parts of 
the deep, and many other physical factors. The $ 2 . 5 billion estimate 
mentioned above was based on a deposit thickness of 1 0 meters, or 5 0 
million tons of brine-free sediment. The $ 8 billion estimate was based 
on a deposit thickness fo 2 0 to 3 0 meters. This discrepancy may be 
cleared up when more detailed information is available concerning the 
deeps. In 1 9 6 9 a Sudanese-American-German group began further study of 
this area, but for competitive reasons their data will probably not be 
published for some years. 
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The facts that are known about Atlantis II Deep indicate that 
further study is worthwhile. The deep is approximately 1 6 square miles 
in area and contains minerals such as zinc, copper, lead, gold and 
silver. The minerals are located under 6000 feet of water in a brine 
rich sediment. The average assay of the metals in the deep are: 
Fe, 2 9 per cent; Zn, J>,k per cent; Cu, 1 . 3 per cent; Pb, 0 . 1 per cent; 
Ag, 5 ^ ppm; and Au, 0 . 5 ppm. One of the problems which have been men­
tioned regarding the mining of these minerals is the disposal of waste 
material. The nearest land is 60 miles from the deposit, and any waste 
disposed of in the water will merely drift back into the deposit and 
contaminate it. 
Nodular Deposits 
Two of the deposits which have received the most attention in 
economical analyses of ocean mining ventures have been the manganese 
nodule deposits of the Pacific Ocean and the phosphate rock deposits off 
the coast of California. The surficial nature of these deposits kindles 
part of this interest, because there is no overburden to remove to get to 
the minerals. It is believed that hydraulic or dragline dredges will be 
able to skim the first layer of seafloor sediment and recover the 
mineralized rocks. Also kindling interest is the wide area in which these 
rocks have been found. Mero reports observations of manganese nodules 
in several regions of the Pacific Ocean. He estimates that there are 1 . 7 
trillion tons of manganese nodules in the Pacific ( 1 8 ) . 
Manganese nodules which have been recovered in samples generally 
range in size between 0 . 5 and 2 5 cm in diameter. Their average assay 
is estimated to be 2 ^ . 2 per cent manganese, 1 ^ . 0 per cent iron, 1 . 0 per 
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c e n t n i c k e l , 0.35 p e r c e n t c o b a l t a n d 0.53 p e r c e n t c o p p e r (l8). V a r i ­
a t i o n s i n t h e c o m p o s i t i o n o f t h e n o d u l e s h a s b e e n r e p o r t e d a n d seems t o 
b e r e l a t e d t o t h e r e g i o n i n w h i c h t h e n o d u l e s a r e l o c a t e d . T h e c a u s e o f 
t h i s v a r i a t i o n i n a s s a y c o u l d b e t h e p r e f e r e n t i a l p r e c i p i t a t i o n o f 
c e r t a i n m i n e r a l s u n d e r p a r t i c u l a r e n v i r o n m e n t a l c o n d i t i o n s . Mero h a s 
d i v i d e d t h e P a c i f i c O c e a n n o d u l e s i t e s i n t o f o u r r e g i o n s a c c o r d i n g t o 
t h e c h e m i c a l c o m p o s i t i o n o f t h e n o d u l e s w h i c h h a v e b e e n r e c o v e r e d f r o m 
e a c h r e g i o n . T h e f i r s t r e g i o n l i e s g e n e r a l l y a l o n g t h e c o n t i n e n t s a n d 
i s h i g h i n n o d u l e i r o n c o n t e n t . T h e s e c o n d r e g i o n i s l o c a t e d n e a r t h e 
w e s t c o a s t s o f N o r t h a n d S o u t h A m e r i c a a n d h a s h i g h n o d u l e m a n g a n e s e 
c o n t e n t . T h e t h i r d a n d f o u r t h r e g i o n s a r e i n t h e c e n t r a l p a r t o f t h e 
P a c i f i c a n d a r e r e l a t i v e l y more w e a l t h y i n n i c k e l , c o p p e r a n d c o b a l t . 
T h e s i g n i f i c a n c e o f t h e s e r e g i o n s i s m a g n i f i e d when c h a n g e s i n t h e demand 
f o r p a r t i c u l a r m e t a l s o c c u r i n t h e m a r k e t p l a c e . A m i n i n g f i r m m i g h t 
b e a b l e t o r e l o c a t e i t s m i n i n g v e s s e l s i n d i f f e r e n t r e g i o n s d e p e n d i n g on 
t h e m a r k e t c o n d i t i o n s . T h i s w o u l d r e d u c e some o f t h e r i s k i n v o l v e d i n 
t h i s h i g h c a p i t a l e n d e a v o u r b y g i v i n g t h e f i r m a l t e r n a t i v e q u a n t i t i e s 
o f p r o d u c t i o n f o r s p e c i f i c m i n e r a l s . S i n c e t h e n o d u l e s c o n t a i n s e v e r a l 
m i n e r a l s , p r o d u c t i o n f r o m one l o c a t i o n may r e s u l t i n a n o v e r s u p p l y o f 
some o f t h e m i n e r a l s w h e n t h e demand f o r o t h e r s i s m e t . B y c h o o s i n g a 
l o c a t i o n w i t h t h e p r o p e r m i n e r a l c o m p o s i t i o n f o r t h e n o d u l e s , t h i s e f f e c t 
may b e r e d u c e d . 
T h e m o s t p r o b a b l e s i t e s f o r i n i t i a l m a n g a n e s e n o d u l e p r o d u c t i o n 
a r e some kOOO n a u t i c a l m i l e s f r o m t h e C a l i f o r n i a c o a s t i n t h e m i d -
P a c i f i c . T h e y a r e l o c a t e d i n t h e d e p t h s o f f r o m 12,000 t o 18,000 f e e t 
a n d a s s a y : 26 t o 27 p e r c e n t m a n g a n e s e , 1.3 p e r c e n t n i c k e l , 1.0 p e r 
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c e n t c o p p e r , a n d 0 . 2 p e r c e n t c o b a l t ( 6 ) . One o f t h e p i o n e e r f i r m s i n 
o c e a n m i n i n g , D e e p s e a V e n t u r e s , h a s p l a n s t o b e i n f u l l s c a l e p r o d u c t i o n 
o f p r o c e s s e d m e t a l s f r o m o c e a n m a n g a n e s e n o d u l e s b y 1 9 7 5 - 7 6 . D e e p s e a 
V e n t u r e s h a s a l r e a d y t e s t e d a m a n g a n e s e n o d u l e r e c o v e r y a n d p r o c e s s i n g 
s y s t e m i n s h a l l o w w a t e r o f f t h e G e o r g i a c o a s t , a n d i s now p r o c e e d i n g 
w i t h p l a n s t o m i n e n o d u l e s i n t h e P a c i f i c . 
T h e p h o s p h o r i t e n o d u l e s w h i c h h a d b e e n f o u n d i n o c e a n d e p o s i t s 
u p u n t i l 1 9 6 ^ a v e r a g e d 2 i n c h e s i n d i a m e t e r a n d c o n t a i n e d 2 0 - 5 0 p e r 
c e n t P2°5 ' Some o f t h e more i n t e r e s t i n g d e p o s i t s o c c u r o f f t h e c o a s t o f 
C a l i f o r n i a i n w a t e r d e p t h s o f 1 9 0 t o 600 f e e t ( 2 5 ) . F o u r a r e a s t h a t h a v e 
b e e n s a m p l e d a n d a r e r e c e i v i n g a t t e n t i o n a r e : ( l ) t h e T h i r t y - M i l e B a n k 
( w e s t o f S a n D i e g o ) ; ( 2 ) t h e F o r t y - M i l e B a n k ( w e s t o f S a n D i e g o ) ; ( 5 ) 
a n a r e a 1 0 m i l e s o f f S a n t a M o n i c a B a y ; a n d (k) s e v e r a l z o n e s o f l e s s e r 
i n t e r e s t 60 t o 80 m i l e s n o r t h w e s t a n d s o u t h w e s t o f S a n F r a n c i s c o ( 2 5 ) . 
T h e ^2^5 c o n t e n t o f s a m p l e s f r o m t h e s e f o u r a r e a s r a n g e f r o m 2 2 . k p e r 
c e n t i n t h e T h i r t y - M i l e B a n k t o 2 9 . 6 p e r c e n t i n t h e F o r t y - M i l e B a n k ( 1 8 ) . 
T h e b u l k o f m a r k e t e d p h o s p h a t e r o c k f r o m l a n d s o u r c e s r a n g e s i n g r a d e 
b e t w e e n 5 1 - 5 6 p e r c e n t ^2^5* T h e s e o c e a n d e p o s i t s w i l l , t h e r e f o r e , h a v e 
t o b e u p g r a d e d t o a m in imum P O0._ c o n t e n t o f 3 1 p e r c e n t b e f o r e t h e y w i l l 
c 5 
b e m a r k e t a b l e . 
Some a u t h o r i t i e s b e l i e v e t h a t d u e t o i m p u r i t i e s i n t h e o c e a n 
d e p o s i t s , a s u b s t a n t i a l p r o c e s s i n g c o s t w i l l h a v e t o b e b o r n b y t h e 
o c e a n p h o s p h a t e . T h i s c o u l d r e d u c e t h e e c o n o m i c s o f m i n i n g p h o s p h a t e 
f r o m a n o c e a n e n v i r o n m e n t . One o f t h e m a i n a d v a n t a g e s t h a t o c e a n m i n i n g 
o f p h o s p h a t e g e n e r a t e s i s a r e d u c t i o n i n t r a n s p o r t a t i o n c o s t s t o a r e a s 
w h i c h h a v e n o n a t i v e l a n d d e p o s i t s o f p h o s p h a t e . C a l i f o r n i a , f o r e x a m p l e , 
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m u s t a c q u i r e t h e p h o s p h a t e i t n e e d s f r o m F l o r i d a o r o t h e r s m a l l e r m i n e s 
w i t h i n t h e U n i t e d S t a t e s . F o r m a r i n e p h o s p h a t e t o b e c o m p e t i t i v e w i t h 
l a n d m i n e d p h o s p h a t e , i t m u s t o f f s e t t h e a d d i t i o n a l c o s t o f m i n i n g a n d 
p r o c e s s i n g w i t h t h e r e d u c t i o n i n t r a n s p o r t a t i o n c o s t s . 
P e l a g i c s e d i m e n t s a r e o c e a n i c m a t e r i a l s t h a t a r e l o c a t e d i n d e e p 
w a t e r some d i s t a n c e f r o m l a n d . T h o s e p e l a g i c s e d i m e n t s w h i c h c n n t a i n l e s s 
t h a n 3 0 p e r c e n t o f o r g a n i c r e m a i n s a r e c a l l e d r e d c l a y , w h i l e t h o s e w i t h 
more t h a n 3 0 p e r c e n t o f o r g a n i c r e m a i n s a r e d e s i g n a t e d a s o o z e s ( 1 8 ) . 
T h e o o z e s a r e f u r t h e r c a t e g o r i z e d a c c o r d i n g t o t h e t y p e o f o r g a n i s m 
w h o s e r e m a i n s c o n s t i t u t e m u c h o f t h e m a t e r i a l i n t h e o o z e . T a b l e 3 s h o w s 
how t h e s e o o z e s a r e c a t e g o r i z e d a n d l i s t s some o f t h e i r p o t e n t i a l u s e s . 
T h e r e s e r v e s o f t h e s e o o z e s u n d e r t h e s e a a r e f a n t a s t i c a l l y l a r g e , b u t 
s o a r e t h e l a n d r e s e r v e s o f t h e m a t e r i a l s f o r w h i c h t h e y m i g h t s u b s t i t u t e . 
C a l c a r e o u s o o z e s a l o n e c o v e r a b o u t 3 6 p e r c e n t o f t h e o c e a n f l o o r , a n d 
i t i s e s t i m a t e d , u s i n g a n a v e r a g e t h i c k n e s s o f kOO m e t e r s , t h a t t h e r e a r e 
1 0 " ^ t o n s o f c a l c a r e o u s o o z e s i n t h e o c e a n s . R e s e r v e s o f s i l i c e o u s 
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o o z e s on t h e s e a f l o o r a r e e s t i m a t e d t o b e 1 0 t o n s ( 1 8 ) . 
S e a f l o o r C l a y s a n d O o z e s 
T a b l e 3« O c e a n i c O o z e s 
M a j o r G r o u p S u b g r o u p C o n s t i t u e n t U s e 
C a l c a r e o u s 
O o z e 
s k e l e t a l r e m a i n s o f 
p l a n k t o n a n i m a l s & p l a n t s 
G l o b i g e r i n a 
O o z e 
t e s t s o f p e l a g i c 
F o r a m i n i f e r a 
s u b s t i t u t e 
f o r l i m e ­
s t o n e i n 
c e m e n t 
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Table 3» Oceanic Oozes (cont'd) 
Major Group Subgroup Constituent Use 
Pteropod shells of pelagic 
Ooze molluscs 
Coccolith remains of an Algae 
Ooze called Coccolithophoridae 
Siliceous remains of plankton 
Ooze animals and plants 
Diatom diatom frustules from light-weight 
Ooze plankton plants aggregates 
for concrete, 
Radiolarian radiolarian skeletans a filter, 




The oozes of the ocean may not be mined anytime in the near 
future, but like many other ocean deposits they can affect the price 
of land mined materials. If the price of minerals from land mines rises 
too high, these ocean minerals may be turned to as substitutes. The 
technology is available to recover the oozes from the seafloor, and all 
that is lacking is the economic incentive to do so. Mero suggests that 
a hydraulic dredge would be best for mining the oozes from depths of 
1+000 meters. He estimates that for $15 million a dredge could be designed 
and built to pump about 25,000 tons of ooze per day (l8). 
Red clay, another pelagic sediment, is formed by the settling of 
particles of igneous rocks carried by the ocean waters. The particles 
enter the ocean through rivers and streams and come to rest on the ocean 
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f l o o r . L i k e t h e o c e a n i c o o z e s , r e d c l a y o c c u p i e s a l a r g e p o r t i o n o f 
t h e s e a f l o o r . R e s e r v e s a r e e s t i m a t e d t o b e n e a r 1 0 ^ t o n s i n a l l t h e 
o c e a n s . 
T h e m i n e r a l c o n t e n t o f r e d c l a y h a s n o t e n c o u r a g e d a n y e c o n o m i c 
i n t e r e s t , b u t t h e m a t e r i a l may b e u s e d i n t h e m a n u f a c t u r e o f c l a y p r o ­
d u c t s . A t p r e s e n t n o c o m p a n i e s h a v e r e p o r t e d p l a n s t o m i n e t h e c l a y 
f r o m t h e o c e a n , a n d many o t h e r m i n e r a l s w i l l p r o b a b l y b e m i n e d b e f o r e a n y 
a t t e n t i o n i s g i v e n t o t h e r e d c l a y . 
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C H A P T E R I I I 
P R E V I O U S ECONOMIC R E S E A R C H 
A l t h o u g h t h e r e h a v e b e e n n u m e r o u s a r t i c l e s w r i t t e n a b o u t t h e 
r e s o u r c e s o f t h e s e a a n d t h e p o t e n t i a l t h a t t h e s e r e s o u r c e s h a v e f o r 
s e r v i n g m a n k i n d , t h e r e h a v e o n l y b e e n a f e w a r t i c l e s w r i t t e n on t h e 
e c o n o m i c s o f o c e a n m i n e r a l r e c o v e r y . T h e r e a s o n f o r t h i s l a c k o f 
a t t e n t i o n t o t h e e c o n o m i c a s p e c t s o f u n d e r s e a m i n i n g i s d u e i n p a r t t o 
t h e i n c o m p l e t e i n f o r m a t i o n w h i c h i s a v a i l a b l e on s p e c i f i c m i n e r a l d e ­
p o s i t s . T h i s l a c k o f i n f o r m a t i o n m a k e s a c c u r a t e e c o n o m i c a n a l y s i s v e r y 
d i f f i c u l t a n d i n c r e a s e s t h e r i s k o f r e a c h i n g t h e w r o n g c o n c l u s i o n s . I t 
i s i m p e r a t i v e t h a t e x t e n s i v e s t u d i e s b e c o n d u c t e d a t a m i n i n g s i t e b e f o r e 
m a j o r c a p i t a l e x p e n d i t u r e s a r e e x p e n d e d . T h e e c o n o m i c s t u d i e s t h a t h a v e 
b e e n r e p o r t e d t o t h i s d a t e h a v e c o n c e n t r a t e d m a i n l y o n a f e w d e p o s i t s 
s u c h a s t h e m a n g a n e s e n o d u l e d e p o s i t s o f t h e P a c i f i c a n d t h e p h o s p h a t e 
r o c k d e p o s i t s o f f t h e c o a s t o f C a l i f o r n i a . T h e y h a v e m a i n l y b e e n d i r e c t e d 
a t d e t e r m i n i n g w h e t h e r a p a r t i c u l a r m i n e r a l i s e c o n o m i c a l o r u n e c o n o m i c a l 
t o m i n e . T h e r e s u l t s o f t h e e c o n o m i c a n a l y s e s h a v e b e e n b o t h o p t i m i s t i c 
a n d p e s s i m i s t i c a s t o t h e p o t e n t i a l p r o f i t w h i c h c o u l d b e e x p e c t e d b y 
p i o n e e r i n g m i n i n g f i r m s . 
T h e d i r e c t i o n o f t h i s s t u d y i s o r i e n t e d more t o w a r d a g e n e r a l 
o v e r a l l v i e w o f t h e e c o n o m i c s y s t e m t h a t w i l l b e a s s o c i a t e d w i t h o c e a n 
m i n i n g v e n t u r e s . A l t h o u g h m a n g a n e s e n o d u l e d e p o s i t s a r e u s e d i n t h e 
t e s t s o f t h e e c o n o m i c m o d e l d e v e l o p e d i n t h i s s t u d y , t h e m a j o r e m p h a s i s 
i s on t h e e c o n o m i c s y s t e m a n d i t s i m p o r t a n t p a r a m e t e r s i n s t e a d o f on t h e 
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i n d i v i d u a l d e p o s i t . T h e t e s t s t h a t a r e made o f t h e m o d e l a r e a i m e d a t 
d e t e r m i n i n g t h e e f f e c t o f s u c h p a r a m e t e r s a s t h e m a r k e t p r i c e s o f t h e 
m i n e r a l s a n d t h e a n n u a l p r o d u c t i o n r a t e . 
One o f t h e m a i n e c o n o m i c a n a l y s e s w h i c h h a v e b e e n c o n d u c t e d on 
o c e a n m i n e r a l r e c o v e r y w a s p e r f o r m e d b y J o h n L . Mero a n d i s r e p o r t e d i n 
h i s b o o k , T h e M i n e r a l R e s o u r c e s o f t h e S e a . T h i s b o o k w a s o r i g i n a l l y -
p u b l i s h e d i n 1 9 6 k a n d h a s r e c e i v e d c o n s i d e r a b l e a t t e n t i o n s i n c e t h a t 
t i m e . M a j o r e m p h a s i s i n t h e b o o k i s g i v e n t o t h e m a n g a n e s e n o d u l e d e ­
p o s i t s o f t h e P a c i f i c O c e a n . M e r o s u g g e s t e d t w o m a j o r s y s t e m s f o r 
m i n i n g t h e m a n g a n e s e n o d u l e s f r o m d e p t h s o f 1 0 , 0 0 0 f e e t a n d e s t i m a t e d 
t h e c o s t o f b o t h s y s t e m s ( 1 8 ) . 
U s i n g a d e e p s e a d r a g d r e d g e t o e x t r a c t t h e n o d u l e s , Me ro e s t i ­
m a t e d p r o d u c t i o n c o s t s o f $ 1 2 . 1 0 p e r t o n o f d r e d g e d n o d u l e s i n 1 0 0 0 f e e t 
o f w a t e r t o $ 5 0 .60 p e r t o n i n 1 0 , 0 0 0 f e e t o f w a t e r . U s i n g a d e e p s e a 
h y d r a u l i c d r e d g e h e e s t i m a t e s p r o d u c t i o n c o s t s o f $ 2 . 2 9 a n d $ 4 . 9 5 f o r 
t h e s e same d r e d g i n g d e p t h s . I n a l a t e r a r t i c l e p u b l i s h e d i n 1 9 6 8 i n 
C h e m i c a l E n g i n e e r i n g , Me ro r e p o r t s e s t i m a t e d a n n u a l a f t e r - t a x r e t u r n s o f 
a b o u t 1 0 7 p e r c e n t f o r a m a n g a n e s e n o d u l e r e c o v e r y s y s t e m . T h e e x p e c t e d 
c o s t o f t h i s s y s t e m w h i c h p r o d u c e s n o d u l e s a t a r a t e o f 5000 t o n s / d a y i s 
g i v e n a s $ 8 5 m i l l i o n , i n c l u d i n g $ 6 0 m i l l i o n f o r a p r o c e s s i n g f a c i l i t y , 
$ 5 m i l l i o n f o r t h e d r e d g e , $ 5 m i l l i o n i n p r e l i m i n a r y s t u d i e s a n d s t a r t 
u p c o s t s , a n d $ 1 5 m i l l i o n i n o p e r a t i n g c a p i t a l ( 1 7 ) . 
I n a l l o f h i s a r t i c l e s , Mero h a s b e e n e x t r e m e l y o p t i m i s t i c a b o u t 
t h e e c o n o m i c p o t e n t i a l o f u n d e r s e a m i n e r a l d e p o s i t s . H i s b o o k , T h e 
M i n e r a l R e s o u r c e s o f t h e S e a , c o v e r s many o f t h e t e c h n o l o g i c a l , e c o n o m i c , 
a n d l e g a l a s p e c t s o f o c e a n m i n i n g a n d g i v e s a b r i g h t p i c t u r e f o r m i n i n g 
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i n t h e n e a r f u t u r e . O t h e r a u t h o r s , h o w e v e r , a r e n o t a s o p t i m i s t i c . 
P h i l i p E . S o r e n s e n a n d W a l t e r J . M e a d , who h a v e p u b l i s h e d e c o n o m i c 
s t u d i e s on m a n g a n e s e n o d u l e s a n d p h o s p h a t e r o c k d e p o s i t s , b e l i e v e t h a t 
t h e p i o n e e r i n g o c e a n m i n i n g f i r m r e c o v e r i n g m a n g a n e s e n o d u l e s f a c e s 
p r o s p e c t i v e c a p i t a l l o s s e s o f a r o u n d $ 1 2 2 m i l l i o n o r m o r e . 
I n 1 9 6 8 S o r e n s e n a n d Mead p u b l i s h e d a n a r t i c l e i n t h e A m e r i c a n 
J o u r n a l o f A g r i c u l t u r a l E c o n o m i c s e n t i t l e d " A C o s t - B e n e f i t A n a l y s i s o f 
O c e a n M i n e r a l R e s o u r c e D e v e l o p m e n t : T h e C a s e o f M a n g a n e s e N o d u l e s " . I n 
t h i s a n a l y s i s t h e y s e g r e g a t e d t h r e e p a r t s o f t h e o v e r a l l m i n i n g s y s t e m : 
d r e d g i n g , t r a n s p o r t a t i o n , a n d p r o c e s s i n g ; a n d e s t i m a t e d t h e c o s t s w h i c h 
w o u l d b e i n c u r r e d b y e a c h . A d r e d g e f o r e x t r a c t i n g 5 ? 000 t o n s o f n o d u l e s 
p e r d a y i s e x p e c t e d b y S o r e n s e n a n d Mead t o r e q u i r e a c a p i t a l i n v e s t m e n t 
o f a p p r o x i m a t e l y $ 1 5 0 m i l l i o n a n d y e a r l y o p e r a t i n g c o s t s a r e e s t i m a t e d 
a t $ 1 6 . 5 m i l l i o n . T r a n s p o r t a t i o n f o r t h e d r e d g e d m a t e r i a l i s d e l e g a t e d 
t o a f l e e t o f 1 8 b a r g e s a n d 1 6 o c e a n g o i n g t u g s . T h e c o s t o f t h e b a r g e s , 
w h i c h h a v e a n o r e c a p a c i t y o f 1 0 , 0 0 0 s h o r t t o n s , i s e s t i m a t e d a t $ 5 5 0 , 0 0 0 
e a c h . T h e t u g s a r e i n c l u d e d a t a c h a r t e r r a t e o f $ 1 5 0 0 p e r d a y f o r e a c h 
t u g . T h e t o t a l t r a n s p o r t a t i o n c o s t f o r t h e m a n g a n e s e n o d u l e s , i n c l u d i n g 
a $ 5 m i l l i o n p o r t f a c i l i t y , i s e x p e c t e d t o b e $ 1 5 m i l l i o n f o r e q u i p m e n t 
a n d $ 1 0 . 5 m i l l i o n p e r y e a r f o r o p e r a t i n g c o s t s . T h e p r o c e s s i n g f a c i l i t y 
f o r 5000 t o n s o f n o d u l e s p e r d a y i s p l a c e d a t $ 5 0 m i l l i o n a n d p r o c e s s i n g 
c o s t s o f $ 2 5 - 3 0 / p e r t o n a r e a n t i c i p a t e d ( 2 3 ) . 
A f t e r S o r e n s e n a n d Mead e s t i m a t e d c o s t s f o r t h e s e t h r e e p a r t s o f 
t h e e c o n o m i c s y s t e m o f m a n g a n e s e n o d u l e p r o d u c t i o n , t h e y d i s c o u n t e d t h e 
c o s t s a n d r e v e n u e s a t 6 p e r c e n t t o t h e i r p r e s e n t v a l u e . A s s u m i n g n o 
c h a n g e s i n p r i c e s t h e y c a l c u l a t e d p r e s e n t v a l u e s o f n e t o p e r a t i n g r e v e n u e 
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of $ 9 9 million and of capital cost of $ 1 7 5 million. 
Some of the chief differences between Mero's analysis and that 
of Sorensen and Mead lie in the capital cost of the dredge and the 
processing cost. Mero believes that the processing cost could fall as 
low as $ 5 per ton, while Sorensen and Mead use an estimate of $ 2 5 per 
ton. The differences in the cost of the dredge ( $ 5 million estimated 
by Mero; $ 1 5 0 million estimate by Sorensen and Mead) also causes con­
siderable variation in the analyses. The prototype tests which have 
been run by Deepsea Ventures, Inc. may help solve some of the wide 
variation in these costs. If the processing facility which Deepsea 
Ventures tested can maintain the reported 95 per cent recovery rates 
( 6 ) of minerals when full production is obtained, they may obtain lower 
processing costs than the $ 2 5 suggested by Sorensen and Mead. Sorensen 
and Mead based their estimate on recovery percentages of 85 per cent for 
Mn, 90 per cent for Co, 95 per cent for Ni, and 2 0 per cent for Cu. 
Others who have written articles on the economics of manganese 
nodule production are David B. Brooks, H. D. Hess, and Alvin Kaufman. 
Brooks believes that manganese nodules are the best alternative resource 
for manganese that is available. He defines a resource as "a material 
that may or may not be exploitable at today's technology and today's 
prices, but that is sufficiently close to exploitability that it exerts 
some influence on price." Brooks feels that the capital investment 
required for initial ventures into manganese nodule production will be 
around $ 1 0 0 million. He sets a minimum economic production rate of 2000 
tons per day ( 3 ) . 
Hess reports estimated after tax returns of 3 0 - ^ 0 per cent for a 
5000 ton per day operation. His analysis includes costs which are 
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c l o s e l y a l i g n e d w i t h t h o s e o f Mero ( l l ) . K a u f m a n t a k e s a d i f f e r e n t 
a p p r o a c h f r o m H e s s a n d o t h e r a u t h o r s . I n a n a r t i c l e w r i t t e n f o r t h e 
MTS J o u r n a l e n t i t l e d " A S u r v e y o f t h e E c o n o m i c s o f O c e a n M i n i n g " , 
K a u f m a n g i v e s a r a n g e o f c o s t s f o r t e n d i f f e r e n t p a r t s o f t h e m i n i n g 
s y s t e m . T h e r a n g e o f t o t a l c o s t s r e p o r t e d w a s f r o m $ 2 8 . 4 0 p e r t o n t o 
$ 5 3 * 2 0 p e r t o n . T h e r a n g e o f r e v e n u e s v a r i e d f r o m $ 5 . 5 0 p e r t o n t o 
$ 1 3 0 . 4 0 p e r t o n , w i t h a n a v e r a g e o f $ 4 3 . 6 0 . K a u f m a n ' s a n a l y s i s , h o w e v e r , 
w a s b a s e d on o u t p u t s o f 1 m i l l i o n t o n s o f n o d u l e s p e r y e a r a n d w a t e r 
d e p t h s o f 1 0 0 0 f e e t . M o s t i n d i c a t i o n s seem t o p o i n t t o w a r d s o p e r a t i n g 
d e p t h s o f 1 2 , 0 0 0 t o 1 8 , 0 0 0 f e e t f o r i n i t i a l n o d u l e m i n i n g . T h e c o s t a t 
t h e s e d e p t h s c o u l d b e c o n s i d e r a b l y l a r g e r t h a n d r e d g i n g a t 1 0 0 0 f e e t . 
K a u f m a n , H e s s , S o r e n s e n a n d M e a d , h a v e a l s o w r i t t e n a r t i c l e s on 
t h e m i n i n g o f p h o s p h o r i t e n o d u l e s . K a u f m a n r e p o r t s r a n g e s i n e s t i m a t e d 
p h o s p h a t e m i n i n g c o s t s f r o m a l o w o f $ 1 2 . 0 0 p e r t o n t o a h i g h o f $ 3 1 . 8 0 
p e r t o n . T h e r a n g e o f r e v e n u e s r e p o r t e d i s $ 1 2 . 0 0 t o $ 1 6 . 0 0 w i t h a n 
a v e r a g e o f $ 1 4 p e r t o n . ( A s s u m e s o u t p u t o f 2 0 0 , 0 0 0 t o n s o f n o d u l e s p e r 
y e a r a n d w a t e r d e p t h o f 600 f e e t ) . K a u f m a n a l s o m e n t i o n s t h e w o r k o f 
M. P . O v e r a l l , who e s t i m a t e d t h e c o s t o f a p h o s p h a t e m i n i n g s y s t e m u s i n g 
a d r a g d r e d g i n g m e t h o d t o p r o d u c e 4 0 0 , 0 0 0 t o n s p e r y e a r . O v e r a l l e s t i ­
m a t e d c a p i t a l c o s t s o f $ 3 . 5 m i l l i o n f o r t h e d r e d g e a n d $ 1 . 8 m i l l i o n p e r 
y e a r i n o p e r a t i n g c o s t s . T o t a l m i n i n g c o s t w a s e s t i m a t e d a t $ 4 . 5 0 p e r 
t o n . U s i n g a n h y d r a u l i c d r e d g e t o t a l m i n i n g c o s t w a s c o m p u t e d a t $ 4 . 5 2 
p e r t o n . 
S o r e n s e n a n d Mead w e r e more p e s s i m i s t i c a b o u t t h e c o s t s o f m i n i n g 
p h o s p h a t e f r o m d e p o s i t s o f f t h e c o a s t o f C a l i f o r n i a . I n a n a r t i c l e 
w r i t t e n f o r t h e M a r i n e T e c h n o l o g y C o n f e r e n c e o f 1 9 7 0 e n t i t l e d " A New 
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E c o n o m i c A p p r a i s a l o f M a r i n e P h o s p h o r i t e D e p o s i t s O f f t h e C a l i f o r n i a 
C o a s t " , S o r e n s e n a n d Mead e s t i m a t e t o t a l m i n i n g c o s t s t o b e b e t w e e n $ 1 5 
a n d $ 2 2 p e r t o n . I n t h e i r o p i n i o n C a l i f o r n i a m a r i n e p h o s p h a t e d e p o s i t s 
a r e n o t e c o n o m i c a l t o m i n e a n d p r o b a b l y w o n ' t b e i n t h i s c e n t u r y ( 2 4 ) . 
H e s s r e p o r t s m i n i n g c o s t s o f $ 5 t o $ 7 p e r t o n a n d a c a p i t a l 
i n v e s t m e n t o f $ 3 . 5 m i l l i o n . E s t i m a t e d a n n u a l r e t u r n s a f t e r t a x e s a r e 
c o m p u t e d a t 30-4-0 p e r c e n t . T h i s i s one o f t h e more o p t i m i s t i c r e p o r t s 
o n C a l i f o r n i a p h o s p h a t e d e p o s i t s ( l l ) . 
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C H A P T E R I V 
ENVIRONMENTAL F A C T O R S AND A V A I L A B L E HARDWARE 
E n v i r o n m e n t a l F a c t o r s 
P e r h a p s t h e m a j o r o b s t a c l e t o t h e e c o n o m i c a l e x p l o i t a t i o n o f 
many u n d e r s e a m i n e r a l d e p o s i t s i s t h e c o n s t r u c t i o n o f m i n i n g e q u i p m e n t 
w h i c h c a n o p e r a t e f o r e x t e n d e d p e r i o d s o f t i m e i n a n o c e a n e n v i r o n m e n t . 
W a v e s , s w e l l s , c u r r e n t s , a n d o t h e r o c e a n phenomena c a n r e s t r i c t t h e 
p r o d u c t i o n t i m e o f a n y u n d e r s e a m i n i n g s y s t e m b y c r e a t i n g movemen ts o r 
f o r c e s w h i c h r e n d e r t h e e q u i p m e n t i n o p e r a b l e . I n o r d e r t o o v e r c o m e t h e s e 
f o r c e s o f n a t u r e , s p e c i a l l y d e s i g n e d m i n i n g v e s s e l s a n d r e c o v e r y s y s t e m s 
a r e n e e d e d . One o f t h e j o b s o f p i o n e e r o c e a n m i n i n g f i r m s w i l l b e t o 
d e s i g n a n d t e s t v a r i o u s t y p e s o f e q u i p m e n t . U n d e r some o c e a n e n v i r o n ­
m e n t a l c o n d i t i o n s i t may b e f o u n d t h a t a s u r f a c e m i n i n g v e s s e l i s t h e 
b e s t e c o n o m i c a l c h o i c e . O t h e r c o n d i t i o n s may f a v o r s e m i - s u b m e r g e d , s u b ­
m e r g e d , o r s e a f l o o r m i n i n g v e s s e l s . W h a t e v e r t h e c h o i c e o f e q u i p m e n t 
f o r t h e m i n i n g s y s t e m , i t s h o u l d b e e c o n o m i c a l l y f e a s i b l e f o r o p e r a t i o n 
i n t h e e n v i r o n m e n t i n w h i c h t h e d e p o s i t e x i s t s . 
K n o w l e d g e a b o u t m a n y o f t h e e n v i r o n m e n t a l c o n d i t i o n s o f o c e a n 
m i n e r a l d e p o s i t s i s s e v e r e l y l a c k i n g , a n d p i o n e e r o c e a n m i n i n g f i r m s may 
h a v e t o c o n d u c t c o n s i d e r a b l e r e s e a r c h a t d e p o s i t s i t e s t o d e t e r m i n e t h e 
d e s i g n c r i t e r i a f o r m i n i n g e q u i p m e n t . Some o f t h e s e c o n d i t i o n s may p r o v e 
t o b e b e n e f i c i a l , w h i l e o t h e r s may r e q u i r e more e x p e n s i v e d e s i g n s . P h e ­
nomena s u c h a s t h e t e m p e r a t u r e d i f f e r e n t i a l b e t w e e n d i f f e r e n t d e p t h s i n 
t h e o c e a n , t h e t i d e s , o r t h e c u r r e n t s , may b e u s e d a s s o u r c e s o f e n e r g y . 
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O t h e r phenomena s u c h a s s a l t w a t e r c o r r o s i o n a n d s e a f l o o r i n s t a b i l i t y may 
r e q u i r e s p e c i a l m e t a l s a n d e x c a v a t i n g e q u i p m e n t . T h e k n o w l e d g e u n d e r s e a 
m i n i n g f i r m s g a i n f r o m r e s e a r c h a c t i v i t i e s , a l t h o u g h c o s t l y , may p r o v e 
t o b e one o f t h e i r g r e a t e r a s s e t s . T h i s k n o w l e d g e c o u l d p l a c e t h e m i n 
a n a d v a n t a g e o u s p o s i t i o n t o d e v e l o p many o t h e r r e s o u r c e s i n t h e o c e a n . 
T a b l e k c o n t a i n s a l i s t o f many o f t h e e n v i r o n m e n t a l f a c t o r s t h a t 
c o u l d a f f e c t t h e e x p l o i t a t i o n o f u n d e r s e a m i n e r a l d e p o s i t s (5). T h e s e 
f a c t o r s a r e c a t e g o r i z e d a c c o r d i n g t o t h e med ium o r med ium i n t e r f a c e i n 
w h i c h t h e y o c c u r . T h e mean a n d v a r i a t i o n o f t h e p h y s i c a l v a l u e s t h a t 
m e a s u r e t h e s e f a c t o r s s h o u l d b e d e t e r m i n e d a n d c o n s i d e r e d i n t h e d e s i g n 
o f m i n i n g e q u i p m e n t . I n t h e c a s e o f w i n d s , f o r i n s t a n c e , t h e mean 
v e l o c i t y a n d v a r i a t i o n i n w i n d s p e e d c o u l d b e i m p o r t a n t i n t h e d e s i g n o f 
t h e s u p e r s t r u c t u r e o f a s u r f a c e m i n i n g v e s s e l . E s p e c i a l l y i m p o r t a n t 
m i g h t b e t h e max imum w i n d s p e e d t h a t c o u l d b e e x p e c t e d f o r a g i v e n 
l o c a t i o n . 
A i r 
T h e e n v i r o n m e n t a l c o n d i t i o n s o f t h e a t m o s p h e r e a b o v e t h e o c e a n 
w i l l a f f e c t t h a t p a r t o f t h e o c e a n m i n i n g s y s t e m w h i c h p r o j e c t s a b o v e 
t h e s u r f a c e o f t h e w a t e r . E q u i p m e n t t y p e s w h i c h a r e m o s t l i k e l y t o b e 
e x p o s e d t o t h i s e n v i r o n m e n t a r e t h e s u p e r s t r u c t u r e s o f t h e m i n i n g a n d 
t r a n s p o r t a t i o n v e s s e l s , t h e b e n e f i c i a t i n g p l a n t , a n d t h e p r o c e s s i n g 
f a c i l i t y . T h e d e s i g n o f t h i s e q u i p m e n t s h o u l d b e made t o m i n i m i z e t h e 
i l l e f f e c t s o f v a r y i n g a t m o s p h e r i c c o n d i t i o n s . W i n d s , s t o r m s , p o o r 
v i s i b i l i t y a n d o t h e r e n v i r o n m e n t a l c o n d i t i o n s c a n c a u s e l o s s e s i n 
e f f i c i e n c y o r c o m p l e t e l y c u r t a i l m i n i n g o p e r a t i o n s d u r i n g c e r t a i n p a r t s 
o f t h e y e a r . 
T a b l e k. O c e a n E n v i r o n m e n t a l F a c t o r s 
A i r 
W i n d s 
H u r r i c a n e s , g a l e s a n d o t h e r s t o r m s 
R a i n , s n o w , s l e e t a n d e t c . 
F o g a n d o t h e r c o n d i t i o n s o f p o o r v i s i b i l i t y 
T e m p e r a t u r e 
A i r - S e a I n t e r f a c e 
W a v e s a n d s w e l l s F r i c t i o n a l e f f e c t s 
C u r r e n t s S a l t w a t e r c o r r o s i o n 
T i d e s Movement o f m a s s e s on t h e 
o c e a n 
I c i n g C o n d i t i o n s 
S t a b i l i t y o f v e s s e l s a n d e q u i p m e n t S e a l e v e l 
S e a 
D e p t h V i s i b i l i t y 
T e m p e r a t u r e A c o u s t i c a l p r o p e r t i e s 
P r e s s u r e B u o y a n c y 
C u r r e n t s T s u n a m i s 
S a l t w a t e r c o r r o s i o n F r i c t i o n a l e f f e c t s 
M a r i n e l i f e D i s t a n c e f r o m l a n d 
S e a - S e a f l o o r I n t e r f a c e 
T u r b i d i t y c u r r e n t s 
S e a f l o o r c u r r e n t s 
M a r i n e l i f e 
V i s i b i l i t y 
T e m p e r a t u r e 
P r e s s u r e 
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Type of sediment 
Shear strength and bearing strength 
Slope stability 
Obstacles on seafloor 
Earthquakes 
Depth of sediment 
Area of mineral deposit 
Abrasiveness of rock 
or sediment 
Marine life 
Concentrations of minerals in deposit Mineral compounds 
present 
Depth of deposit in sediments 
Chemical corrosion 
Type of deposit 
Sediment drifts 
Source of deposit and sediment 
Equipment that is designed to operate during some of the poor conditions 
may be worth additional capital expenditures. High throughputs of 
material are necessary to justify the large capital investments required 
for undersea mining. Therefore, equipment which offers a greater number 
of operating days per year at the same production rate is more valuable 
than less efficient equipment, (assuming that there is a demand for the 
extra production). 
Probably the two most important effects that winds and storms 
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h a v e on m i n i n g a n d t r a n s p o r t a t i o n v e s s e l s a r e l o s s e s i n m a n e u v e r a b i l i t y 
a n d s t a b i l i t y . I n t h e e x t r e m e c a s e a v e s s e l c o u l d b e w r e c k e d i n h i g h 
w i n d s o r g a l e s . T h i s c o u l d r e s u l t i n t h e l o s s o f l i f e a n d v a l u a b l e 
e q u i p m e n t . A more common c a s e w o u l d b e t h e l o s s o f o p e r a t i n g t i m e o r 
i n c r e a s e s i n t r a n s p o r t t i m e . S t e p s c a n b e t a k e n , h o w e v e r , t o m i n i m i z e 
t h e s e e f f e c t s . O c e a n m i n i n g f i r m s c a n s t u d y t h e p a s t d i s t r i b u t i o n s o f 
a t m o s p h e r i c c o n d i t i o n s f o r a p a r t i c u l a r a r e a t o g e t a n i d e a o f w h a t t o 
e x p e c t i n t h e f u t u r e . E q u i p m e n t a n d p r o c e d u r e s c a n t h e n b e d e s i g n e d t o 
c o u n t e r a c t e x t r e m e e n v i r o n m e n t a l c o n d i t i o n s a n d p r o v i d e more o p e r a t i n g 
t i m e . 
A i r - S e a I n t e r f a c e 
One o f t h e m o r e c r i t i c a l s e g m e n t s o f t h e o c e a n e n v i r o n m e n t o c c u r s 
a t t h e a i r - s e a i n t e r f a c e . E q u i p m e n t o p e r a t i n g a t t h i s i n t e r f a c e m u s t 
b e c a p a b l e o f w i t h s t a n d i n g m a n y s e v e r e d y n a m i c f o r c e s . W a v e s , s w e l l s , 
c u r r e n t s , s a l t w a t e r c o r r o s i o n , a n d e t c . c a n c a u s e damage t o e q u i p m e n t 
w h i c h i s n o t d e s i g n e d t o a c c e p t t h e f o r c e s t h e y p r o d u c e . 
I n S o u t h e a s t A s i a , w h e r e t i n i s m i n e d f r o m o f f s h o r e d e p o s i t s , 
w a v e s a n d s w e l l s i n e x c e s s o f 5 f e e t o c c u r d u r i n g a p p r o x i m a t e l y 3 0 p e r 
c e n t o f t h e y e a r . I n S o u t h w e s t e r n A f r i c a , t h e s i t e o f o f f s h o r e d i a m o n d 
m i n i n g , t h e s e c o n d i t i o n s e x i s t a p p r o x i m a t e l y 7 5 p e r c e n t o f t h e t i m e ( 8 ) . 
I n a r e a s w h i c h h a v e e x t r e m e l y c o l d c l i m a t e s , i c i n g c o n d i t i o n s may 
r e s t r i c t t h e o p e r a t i o n o f s u r f a c e e q u i p m e n t . D e p o s i t s l o c a t e d o f f t h e 
c o a s t o f A l a s k a , f o r i n s t a n c e , may b e b l o c k e d f r o m t h e s u r f a c e b y l a y e r s 
o f i c e d u r i n g p a r t o f t h e y e a r . M i n i n g s y s t e m s b a s e d on s u r f a c e v e s s e l s 
w o u l d m o s t l i k e l y h a v e t o c u r t a i l o p e r a t i o n s d u r i n g t h i s p a r t o f t h e 
y e a r . I n t h i s s i t u a t i o n t h e i c i n g c o n d i t i o n s g r e a t l y a f f e c t t h e e c o ­
n o m i c s o f m i n e r a l e x p l o i t a t i o n . 
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S e a 
T h e s e a c o n t a i n s many e n v i r o n m e n t a l f a c t o r s w h i c h a r e s t r a n g e 
t o m a n . Many o f t h e s e f a c t o r s a r e n o t y e t known o r u n d e r s t o o d b y h i m . 
T h e o p e r a t i o n o f m i n i n g e q u i p m e n t i n t h i s med ium w i l l , t h e r e f o r e , b e on 
somewha t o f a n e x p e r i m e n t a l n a t u r e . T e s t s may h a v e t o b e r u n on much o f 
t h e e q u i p m e n t b e f o r e i t i s p u t i n t o a c t u a l u s e . 
O c e a n d e p t h s t h a t m i n i n g f i r m s w i l l e n c o u n t e r d e p e n d on t h e 
l o c a t i o n o f t h e m i n e r a l d e p o s i t s t h e y s e e k t o e x p l o i t . Some d e p o s i t s 
o c c u r i n w a t e r s 150 f e e t o r l e s s i n d e p t h . T h e s e a r e m a i n l y b e a c h o r 
p l a c e r d e p o s i t s o f c o n t i n e n t a l s h e l v e s . O t h e r m i n e r a l d e p o s i t s , s u c h a s 
m a n g a n e s e n o d u l e s , h a v e b e e n f o u n d i n d e p t h s o f 20,000 f e e t o r m o r e . T h e 
m a i n e f f e c t t h a t d e p t h h a s , o t h e r t h a n t h e a s s o c i a t e d c o n d i t i o n s o f t e m ­
p e r a t u r e a n d p r e s s u r e , i s a n i n c r e a s e i n t h e d i s t a n c e b e t w e e n s u r f a c e 
m i n i n g e q u i p m e n t a n d t h e m i n e r a l d e p o s i t . F o r s e a f l o o r b a s e d m i n i n g 
o p e r a t i o n s , t h e e f f e c t w i l l b e t h e g r e a t e r d i s t a n c e s t h a t s u p p l i e s , 
o x y g e n , a n d p o w e r w i l l h a v e t o b e moved t h r o u g h w a t e r . 
T h e e f f e c t s o f p r e s s u r e i n t h e o c e a n e n v i r o n m e n t w i l l b e m o s t 
i m p o r t a n t a t t h e g r e a t e r d e p t h s . S i n c e t h e p r e s s u r e i n c r e a s e s w i t h d e p t h , 
e q u i p m e n t o p e r a t i n g a t c e r t a i n d e p t h s w i l l h a v e t o b e c o n s t r u c t e d t o 
w i t h s t a n d t h e s e f o r c e s . I f manned s e a f l o o r m i n i n g s y s t e m s a r e e s t a b l i s h e d , 
e q u i p m e n t w i l l h a v e t o b e d e s i g n e d t o h o u s e t h e c r e w , p r o v i d e l i f e 
s u p p o r t s y s t e m s , a n d p r o t e c t t hem f r o m t h e o u t s i d e p r e s s u r e . 
S a l t w a t e r c o r r o s i o n a n d m a r i n e l i f e b o r i n g s h o u l d b e f a c t o r s i n 
d e t e r m i n i n g t h e t y p e o f m a t e r i a l t h a t i s u s e d t o b u i l d t h e e q u i p m e n t 
e x p o s e d t o t h e s e a . T e s t s h a v e shown t h a t c e r t a i n m a t e r i a l s a r e more 
s u s c e p t i b l e t o t h e s e c o n d i t i o n s t h a n a r e o t h e r s . C e r t a i n a l l o y s o f n i c k e l 
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h a v e b e e n t e s t e d a n d g o o d r e s u l t s h a v e b e e n r e p o r t e d . O t h e r m a t e r i a l s 
s u c h a s c a s t i r o n d e t e r i o r a t e r a p i d l y i n a m a r i n e e n v i r o n m e n t . 
C u r r e n t s , t s u n a m i s , a n d f r i c t i o n a l f o r c e s c a n a c t t o c a u s e s t r e s s e s 
i n e q u i p m e n t e x t e n d i n g f r o m t h e s u r f a c e t o t h e s e a f l o o r d e p o s i t . The 
e x t e n s i o n o f t h i s m i n i n g e q u i p m e n t h a s b e e n l i k e n e d t o t h e s u s p e n s i o n o f 
a d r i n k i n g s t r a w f r o m t h e t o p o f t h e E m p i r e S t a t e B u i l d i n g t o t h e s t r e e t 
b e l o w . A s t r u c t u r e o f t h i s n a t u r e r e q u i r e s s p e c i a l d e s i g n s t o w i t h s t a n d 
t h e f o r c e s a c t i n g on i t . T s u n a m i s , o r g i a n t w a v e s c a u s e d b y s e a f l o o r 
d i s t u r b a n c e s , m i g h t b e g i v e n s p e c i a l c o n s i d e r a t i o n due t o t h e s u d d e n 
e x t r e m e f o r c e s c a u s e d b y i t . 
S e a - S e a f l o o r I n t e r f a c e 
A t t h e i n t e r f a c e b e t w e e n t h e w a t e r s o f t h e o c e a n a n d t h e s e d i m e n t 
o f t h e s e a f l o o r , d e s i g n p r o b l e m s c e n t e r on t h e t y p e o f e q u i p m e n t u s e d t o 
e x t r a c t m i n e r a l s a n d o r s e d i m e n t f r o m t h e d e p o s i t . Where v i s i b i l i t y i s 
n e c e s s a r y t o a l i g n e x c a v a t i n g e q u i p m e n t w i t h t h e d e p o s i t , u n d e r w a t e r 
t e l e v i s i o n c a m e r a s may b e u s e d . T h e s e c a m e r a s w i l l b e u s e l e s s u n l e s s 
t h e e x c a v a t i n g e q u i p m e n t c a n b e d e s i g n e d s o t h a t i t d o e s n o t s t i r u p t h e 
s e a f l o o r s e d i m e n t a n d i m p a i r v i s i b i l i t y . T u r b i d i t y c u r r e n t s w i l l h a v e 
t h e same e f f e c t , a s t h e y t o o i m p a i r v i s i b i l i t y . 
T h e s l o p e o f t h e d e p o s i t , t h e t o p o g r a p h y o f t h e a r e a , a n d o b ­
s t a c l e s on t h e s e a f l o o r a l s o a f f e c t t h e d e s i g n o f e x c a v a t i n g e q u i p m e n t . 
I f t h e e x t r a c t i o n m e t h o d i s t o s k i m t h e t o p l a y e r o f s e d i m e n t o f f t h e 
s e a f l o o r , t h e e x c a v a t i n g e q u i p m e n t s h o u l d b e d e s i g n e d t o a v o i d o r move 
o b s t r u c t i o n s on t h e o c e a n f l o o r a n d t o f o l l o w t h e c o n t o u r s o f t h e f l o o r . 
One o f t h e p r o b l e m s w h i c h t h e M a r i n e D i a m o n d C o r p o r a t i o n h a s i n m i n i n g 
d i a m o n d d e p o s i t s o f f S o u t h w e s t A f r i c a i s t h e i r r e g u l a r i t y o f t h e s e a f l o o r 
a t t h e d e p o s i t s . T r e n c h e s a n d g u l l i e s i n t h e a r e a o f f e r c r a c k s i n w h i c h 
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d i a m o n d s become l o d g e d a n d a r e d i f f i c u l t t o e x t r a c t . The d e s i g n o f t h e 
e x c a v a t i n g e q u i p m e n t w h i c h comes i n c o n t a c t w i t h t h e d e p o s i t i n t h i s 
c a s e , a f f e c t s t h e e f f i c i e n c y o f t h e m i n i n g o p e r a t i o n a n d t h e e c o n o m i c 
j u s t i f i c a t i o n o f t h e m i n i n g v e n t u r e . 
S e a f l o o r 
Many o f t h e e n v i r o n m e n t a l c o n d i t i o n s o f t h e s e a f l o o r c o r r e s p o n d 
t o c o n d i t i o n s p r e s e n t a t l a n d m i n i n g s i t e s . S h e a r s t r e n g t h a n d b e a r i n g 
s t r e n g t h o f s e d i m e n t a r e i m p o r t a n t i n d e t e r m i n i n g t h e w e i g h t o f e q u i p m e n t 
r e s t i n g on t h e s e a f l o o r . Some m i n e r a l e x t r a c t i o n s y s t e m s h a v e b e e n p r o ­
p o s e d w h i c h i n v o l v e t h e o p e r a t i o n o f t r a c t o r t y p e v e h i c l e s on t h e s e d i ­
m e n t . T h e f e a s i b i l i t y o f t h e s e s y s t e m s w i l l d e p e n d t o a l a r g e e x t e n t on 
t h e s u p p o r t t h a t t h e s e d i m e n t g i v e s t o t h e e q u i p m e n t . 
O f p r i m e e c o n o m i c i m p o r t a n c e t o a n y u n d e r s e a d e p o s i t a r e t h e c o n ­
c e n t r a t i o n s o f m i n e r a l s i n t h e d e p o s i t s . M o s t a u t h o r i t i e s b e l i e v e t h a t 
o c e a n m i n i n g s y s t e m s w i l l c o s t more t h a n c o m p a r a b l e l a n d m i n i n g s y s t e m s . 
T o b e e c o n o m i c a l , t h e r e f o r e , o c e a n d e p o s i t s m u s t h a v e h i g h e r c o n c e n t r a t i o n s 
o f m i n e r a l s o r m u s t b e a b l e t o a t t a i n h i g h e r t h r o u g h p u t s o f m a t e r i a l . 
N o t o n l y a r e t h e c o n c e n t r a t i o n s o f m i n e r a l s i m p o r t a n t , b u t s o a r e 
t h e m i n e r a l c o m p o u n d s p r e s e n t i n t h e d e p o s i t . P r o c e s s i n g c o s t s c a n b e a 
m a j o r e c o n o m i c a l f a c t o r i n t h e m i n i n g s y s t e m a n d a r e g r e a t l y a f f e c t e d b y 
t h e t y p e o f c o m p o u n d . Some a u t h o r i t i e s , f o r i n s t a n c e , b e l i e v e t h a t 
p h o s p h a t e r o c k f r o m o c e a n d e p o s i t s o f f C a l i f o r n i a w i l l r e q u i r e $2 t o $5 
p e r t o n t o p r o c e s s i n s t e a d o f $1 t o $2 p e r t o n b e c a u s e o f a h i g h p e r c e n t a g e 
o f c a l c i u m c a r b o n a t e i n t h e r o c k (24). 
H a r d w a r e 
A n e x c e l l e n t s u r v e y o f t h e e q u i p m e n t t h a t i s a v a i l a b l e f o r oc 
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m i n i n g w a s p u b l i s h e d i n t h e M a r i n e T e c h n o l o g y S o c i e t y J o u r n a l o f 1966. 
T h e s u r v e y w a s e n t i t l e d , 1 1 A R e v i e w o f A v a i l a b l e H a r d w a r e N e e d e d f o r 
U n d e r s e a M i n i n g " a n d w a s w r i t t e n b y C . G . W e l l i n g a n d M. J . C r u i c k s h a n k 
(10). T h e e q u i p m e n t l i s t e d i n t h i s a r t i c l e e m p h a s i z e s t h e e x p l o r a t i o n 
a n d e x t r a c t i o n p h a s e s o f t h e m i n i n g s y s t e m s . N o t o n l y a r e t h e t y p e s o f 
e q u i p m e n t l i s t e d , b u t a l s o t h e m a n u f a c t u r e r o f t h e e q u i p m e n t , some 
i m p o r t a n t o p e r a t i n g s p e c i f i c a t i o n s , a n d t h e g e n e r a l u s a g e o f t h e e q u i p ­
m e n t . I n a s h o r t e r a r t i c l e p r e s e n t e d i n t h e E n g i n e e r i n g a n d M i n i n g 
J o u r n a l o f J a n u a r y , 1968, M. J . C r u i c k s h a n k , C . M. R o m a n o w i t z , a n d M. P . 
O v e r a l l c o v e r some o f t h e b a s i c c o m p o n e n t s o f o c e a n m i n i n g h a r d w a r e (9). 
T h i s a r t i c l e e n t i t l e d , " O f f s h o r e M i n i n g - P r e s e n t a n d F u t u r e " , e m p h a s i z e s 
t h e c o m p o n e n t s o f t h e e x c a v a t i o n e q u i p m e n t . S e v e r a l d e s i g n s f o r e q u i p ­
m e n t t h a t e x t r a c t s e d i m e n t f r o m t h e s e a f l o o r , l i f t s e d i m e n t t o s u r f a c e , 
o r s u p p o r t m i n i n g e q u i p m e n t a r e s k e t c h e d a n d p r e s e n t e d i n F i g u r e s 7? 8 
a n d 9 o f t h i s a r t i c l e (9)« A l m o s t a l l o f t h e p r e s e n t e x c a v a t i n g s y s t e m s 
f o r o c e a n d e p o s i t s c o n s i s t o f a c o m b i n a t i o n o f t h e e q u i p m e n t s k e t c h e d i n 
t h e s e f i g u r e s . T h e p a r t i c u l a r c o m b i n a t i o n u s e d f o r a d e p o s i t d e p e n d s 
on t h e e n v i r o n m e n t a l c o n d i t i o n s a t t h e l o c a t i o n o f t h e d e p o s i t . 
A m o r e r e c e n t p a p e r w r i t t e n f o r t h e A p r i l , 1971 i s s u e o f M a r i n e 
T e c h n o l o g y b y Raymond K a u f m a n r e p o r t s f o u r new c o n c e p t s f o r u n d e r s e a 
m i n i n g (l4). T h r e e o f t h e s e c o n c e p t s w e r e p a t e n t e d i n 1969 a n d t h e f o u r t h 
w a s p a t e n t e d i n 1966. T h e n a t u r e o f t h e s e c o n c e p t s i s g e n e r a l l y t h a t o f 
a s u b m e r g e d v e h i c l e t h a t c o l l e c t s t h e m i n e r a l s a n d s e d i m e n t f r o m t h e 
s e a f l o o r a n d t h e n pumps t h e m t h r o u g h a p i p e t o a s u r f a c e v e s s e l . 
C r u i c k s h a n k , R o m a n o w i t z , a n d O v e r a l l b e l i e v e t h a t t h e r e w i l l b e a t r e n d 
t o w a r d t h i s t y p e o f a r r a n g e m e n t a s t h e d e p t h o f t h e d e p o s i t s i n c r e a s e (9). 
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L i s t e d i n T a b l e 5 a r e t h e p h y s i c a l a c t i v i t i e s a s s o c i a t e d w i t h 
o c e a n m i n i n g s y s t e m s a n d some o f t h e e q u i p m e n t c o r r e s p o n d i n g t o e a c h 
a c t i v i t y ( 9 ) . T h e t y p e o f e q u i p m e n t w h i c h i s c h o s e n f o r t h e m i n i n g o f a 
p a r t i c u l a r d e p o s i t s h o u l d b e b a s e d on t h e e n v i r o n m e n t a l f a c t o r s o f T a b l e 
3 , t h e s p e c i f i c a t i o n s o f t h e e q u i p m e n t , a n d t h e c o s t o f t h e e q u i p m e n t . 
T h e p h y s i c a l a c t i v i t i e s a r e l i s t e d u n d e r h e a d i n g s w h i c h g r o u p t h e m 
a c c o r d i n g t o t h e f u n c t i o n a l p a r t o f t h e m i n i n g s y s t e m t o w h i c h t h e y 
b e l o n g . T h e f u n c t i o n a l p a r t s i n c l u d e : ( l ) e x p l o r a t i o n , ( 2 ) e x t r a c t i o n 
o f o r e , ( 3 ) b e n e f i c i a t i o n , (k) t r a n s p o r t a t i o n , a n d ( 5 ) p r o c e s s i n g . 
T a b l e 5» T y p e s o f H a r d w a r e N e e d e d f o r U n d e r s e a M i n i n g 
F u n c t i o n E q u i p m e n t C h a r a c t e r i s t i c s 
E x p l o r a t i o n 
T r a n s p o r t a t i o n t o 
s a m p l e s i t e s 
O c e a n o g r a p h i c S h i p s S i z e , s p e e d , c o s t 
r a n g e a n d e t c . 
S h i p O p e r a t i o n N a v i g a t i o n S y s t e m s 
( L o r a n , L o r a c a n d 
D e c c a ) 
R a n g e , a c c u r a c y , c o s t 
a n d a r e a c o v e r a g e 
S u r v e y D e p t h r e c o r d e r s , s u b -
b o t t o m p r o f i l e r s a n d 
m a g n e t o m e t e r s 
A c c u r a c y , p o w e r , a n d 
s e d i m e n t p e n e t r a t i o n 
S a m p l i n g C o r e r s , d r i l l s , g r a b 
b u c k e t s , t e l e v i s i o n 
c a m e r a s 
D e p t h , p o w e r , c o s t , 
p e n e t r a t i o n a n d r e ­
c o v e r y 
S a m p l e A n a l y s i s Wet c h e m i s t r y , x - r a y 
d i f f r a c t i o n , f l o t a t i o n 
a n d g r i n d i n g 
R e l i a b i l i t y , a c c u r a c y , 
e a s e o f u s e a n d s e ­
p a r a t i n g a b i l i t y 
E x t r a c t i o n 
1+0 
T a b l e 5» T y p e s o f H a r d w a r e N e e d e d f o r U n d e r s e a M i n i n g ( c o n t ' d ) 
F u n c t i o n E q u i p m e n t C h a r a c t e r i s t i c s 
S e d i m e n t movement 
S e d i m e n t l i f t i n g 
S u p p o r t a n d C o n t r o l 
B e n e f i c i a t i o n 
T r a n s p o r t a t i on 
P r o c e s s i n g 
D i p p e r , d r a g l i n e , 
c l a m s h e l l , b u c k e t 
l a d d e r , r o t a r y c u t t e r , 
b u c k e t w h e e l , h y d r o -
j e t a n d s u c t i o n 
B u c k e t l i n e , c o n ­
v e y o r , s u c t i o n pump, 
a i r l i f t a n d j e t l i f t 
B a r g e h u l l , s h i p h u l l , 
p o p o f f k a , c a t a m a r a n , 
s e m i - s u b p l a t f o r m , 
s u b m a r i n e , p l a t f o r m , 
a n d b o t t o m v e h i c l e s 
C r u s h i n g , g r i n d i n g , 
g r a v i t y a n d m a g n e t i c 
s e p a r a t o r s 
B a r g e s , s h i p s , t u g s , 
h e l i c o p t e r s , a n d s u b 
m a r i n e s 
B u i l d i n g , t a n k s , 
f u r n a c e s , l a b 
e q u i p m e n t a n d e t c . 
C a p a c i t y , p o w e r , n e ­
g o t i a t i o n o f o b s t a c l e s , 
c u t t i n g a n d d i g g i n g 
a b i l i t y 
D e p t h , c a p a c i t y , p o w e r , 
v o l u m e moved p e r u n i t 
t i m e a n d c o s t 
S t a b i l i t y , c o s t , m a n ­
e u v e r a b i l i t y , s p a c e , 
s t o r a g e c a p a c i t y a n d 
s p e e d 
E f f i c i e n c y , p o w e r , c o s t 
p r o d u c t i o n , s p a c e r e ­
q u i r e m e n t s a n d p e r c e n t 
r e c o v e r y 
S p e e d , p o w e r , c o s t , 
c a p a c i t y , o p e r a t i n g 
c r e w a n d c o s t o f 
l o a d i n g a n d u n l o a d i n g 
P e r c e n t r e c o v e r y , c o s t , 
p r o d u c t i o n r a t e , 
q u a l i t y a n d w a s t e 
d i s p o s a l 
kl 
C H A P T E R V 
D E S I G N O F T H E ECONOMIC MODEL 
T h e d e s i g n o f a n e c o n o m i c m o d e l f o r u n d e r s e a m i n i n g i s n e c e s s a r i l y -
g e n e r a l i n f o r m b e c a u s e o f t h e v a r i a t i o n i n t h e e n v i r o n m e n t a l f a c t o r s o f 
d i f f e r e n t o c e a n d e p o s i t s . E v e n t h o u g h t h e s e f a c t o r s c a u s e e c o n o m i c 
c o n d i t i o n s t h a t a r e p e c u l i a r t o a p a r t i c u l a r d e p o s i t , t h e r e a r e s e v e r a l 
b a s i c e c o n o m i c s u b s y s t e m s w h i c h a r e common t o a w i d e v a r i e t y o f u n d e r s e a 
d e p o s i t s . B y c o m b i n i n g t h e s e s u b s y s t e m s i n t o a n o v e r a l l m o d e l , a t o o l 
c a n b e d e v e l o p e d t h a t w i l l a i d i n t h e a n a l y s i s o f many o c e a n d e p o s i t s . 
A s i s t h e c a s e w i t h m o s t m o d e l s , c e r t a i n a s s u m p t i o n s h a v e t o b e 
made a b o u t a c t u a l s y s t e m s i n o r d e r t o f a c i l i t a t e t h e u s e o f t h e m o d e l . 
T h e f o l l o w i n g l i s t o f a s s u m p t i o n s h a v e b e e n made i n t h e d e v e l o p m e n t o f 
t h i s m o d e l . 
A s s u m p t i o n s 
1 . T h e f o l l o w i n g q u a n t i t i e s a r e a s s u m e d c o n s t a n t o v e r t h e a n a l y s i s 
p e r i o d : 
a . t h e p r i c e o f e a c h m i n e r a l r e c o v e r e d f r o m t h e o c e a n d e p o s i t 
b . t h e c o s t s p e r y e a r o f t h e m i n i n g o p e r a t i o n a f t e r t h e 
d e v e l o p m e n t a l s t a g e 
c . m i n i n g p r o d u c t i o n p e r y e a r a f t e r t h e d e v e l o p m e n t a l s t a g e 
d . t h e c o n c e n t r a t i o n o f e a c h m i n e r a l i n t h e d e p o s i t 
e . t h e p e r c e n t r e c o v e r y o f t h e p r o c e s s i n g f a c i l i t y f o r e a c h 
m i n e r a l 
2. A l l m i n e r a l s p r o d u c e d f r o m t h e u n d e r s e a o r e c a n b e s o l d a t 
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t h e c o n s t a n t p r i c e l e v e l s i n p u t e d b y t h e a n a l y s t . 
3 . T h e i n t e r n a l r a t e o f r e t u r n m e a s u r e o f e c o n o m i c w o r t h i s a n 
a c c e p t a b l e t e c h n i q u e f o r d e m o n s t r a t i n g t h e e f f e c t s c a u s e d b y c h a n g e s i n 
t h e v a l u e s o f e c o n o m i c v a r i a b l e s i n t h e m o d e l . 
4 , T h e s e v e n e c o n o m i c s u b s y s t e m s w h i c h f o r m t h e g e n e r a l m o d e l 
e n c o m p a s s a l l t h e m a j o r c o s t a n d r e v e n u e g e n e r a t i n g p a r t s o f a n o c e a n 
m i n i n g s y s t e m . 
M e a s u r e s o f E c o n o m i c W o r t h 
T h e e c o n o m i c m e a s u r e s d e s i g n e d f o r u s e w i t h t h i s m o d e l a r e t h e 
r a t e o f r e t u r n s on o w n e r s h i p a n d on t o t a l i n v e s t m e n t . O w n e r s h i p i n t h i s 
c o n t e x t r e f e r s t o m o n i e s d i r e c t l y i n p u t e d b y t h e m i n i n g f i r m , w h i l e t o t a l 
i n v e s t m e n t i n c l u d e s o w n e r s h i p , l o n g t e r m d e b t a n d s h o r t t e r m d e b t . T h e s e 
m e a s u r e s a r e i n c l u d e d i n t h e m o d e l f o r t h e p u r p o s e s o f d e m o n s t r a t i n g t h e 
e f f e c t s o f d i f f e r e n t s e t s o f e c o n o m i c c o n d i t i o n s a n d o f i l l u s t r a t i n g 
t h e g e n e r a l w o r t h o f a n o c e a n m i n i n g i n v e s t m e n t . 
B o t h m e a s u r e s a r e c a l c u l a t e d t h r o u g h t h e u s e o f a t r i a l a n d e r r o r 
r o u t i n e . T h i s r o u t i n e s e a r c h e s f o r t h e i n t e r e s t r a t e w h i c h e q u a t e s t h e 
p r e s e n t w o r t h s o f t h e c o s t s a n d r e t u r n s . I n t h e c a s e o f t h e r a t e o f 
r e t u r n on o w n e r s h i p , R O , t h e c o s t s a r e t h e o w n e r s h i p p a y m e n t s i n e a c h 
y e a r a n d t h e r e t u r n s a r e t h e p r o f i t s made i n t h a t y e a r . A m e a s u r e o f 
t h i s n a t u r e g i v e s t h e m i n i n g f i r m a n i n d i c a t i o n o f t h e r a t e o f r e t u r n i t 
c o u l d e x p e c t on t h e c a p i t a l i t i n v e s t s . F o r t h e s e c o n d m e a s u r e , t h e r a t e 
o f r e t u r n on t o t a l i n v e s t m e n t , R I , t h e c o s t s i n c l u d e t h e o w n e r s h i p p a y ­
m e n t s t h r o u g h a p a r t i c u l a r y e a r , t h e l o n g t e r m l o a n s o u t s t a n d i n g , a n d 
t h e s h o r t t e r m l o a n s o u t s t a n d i n g f o r t h a t y e a r . T h e r e t u r n s i n c l u d e b o t h 
t h e p r o f i t s g e n e r a t e d t h r o u g h a p a r t i c u l a r y e a r a n d t h e v a l u e o f t h e 
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p h y s i c a l a s s e t s owned b y t h e m i n i n g f i r m . 
E q u a t i o n 1 i s t h e s i n g l e p a y m e n t p r e s e n t w o r t h f o r m u l a w h i c h i s 
u s e d t o d i s c o u n t t h e c o s t s a n d r e t u r n s o f t h e i n v e s t m e n t . I n t h e 
a p p l i c a t i o n o f t h i s f o r m u l a , i t i s a s s u m e d t h a t a l l r e c e i p t s a n d d i s ­
b u r s e m e n t s o c c u r a t t h e e n d o f a n i n t e r e s t p e r i o d . I n t h i s a n a l y s i s a n 
i n t e r e s t p e r i o d w i l l b e e q u i v a l e n t t o a y e a r , t h e r e f o r e , r e c e i p t s a n d 
d i s b u r s e m e n t s a r e a s s u m e d t o o c c u r a t t h e e n d o f e a c h y e a r . 
E q u a t i o n 1 - S i n g l e P a y m e n t P r e s e n t W o r t h F a c t o r ( l ) 
S P P W ( i , n ) = 1 / ( 1 + i ) n 
w h e r e : i = i n t e r e s t r a t e 
n = number o f p e r i o d s a f t e r t i m e z e r o 
t i m e z e r o = t h e t i m e s e t b y t h e a n a l y z e r a s t h e p r e s e n t 
t i m e o f t h e s t u d y . 
T h e p r e s e n t w o r t h f o r m u l a i s u s e d t o d i s c o u n t t h e v a l u e o f money 
w h i c h i s s p r e a d o v e r more t h a n one i n t e r e s t p e r i o d . T h i s p r o c e d u r e i s 
i m p o r t a n t t o a n i n v e s t m e n t o f t h i s t y p e b e c a u s e t h e c a s h r e c e i p t s a n d 
d i s b u r s e m e n t s o c c u r i n m a n y d i f f e r e n t y e a r s . S i n c e a d o l l a r owned i n 
t h e f i r s t y e a r c o u l d b e e a r n i n g i n t e r e s t d u r i n g t h e l i f e o f t h e i n v e s t ­
m e n t , i t i s w o r t h more t h a n a d o l l a r owned i n a l a t e r y e a r . T h e v a l u e s 
f o r t h e r a t e o f r e t u r n s o f t h i s m o d e l t h u s i n d i c a t e t h e i n t e r e s t r a t e s 
p e r i n t e r e s t p e r i o d t h a t a r e e a r n e d b y d o l l a r s i n v e s t e d i n a n o c e a n 
m i n i n g p r o j e c t . 
E c o n o m i c M o d e l 
T h e s e v e n s u b s y s t e m s w h i c h f o r m t h e b a s i s o f t h i s m o d e l a r e p i c t u r e d 
i n F i g u r e 1 . L i s t e d u n d e r e a c h s u b s y s t e m a r e some o f t h e k e y c o s t f a c t o r s 
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F i g u r e 2 . C o s t E s t i m a t i o n 
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g e n e r a t e d b y t h e s u b s y s t e m . T h e a r r o w s w h i c h c o n n e c t i n d i v i d u a l s u b ­
s y s t e m s r e p r e s e n t t h e g e n e r a l f l o w s o f m a t e r i a l , k n o w l e d g e a n d m o n i e s 
b e t w e e n t h e v a r i o u s f u n c t i o n a l p a r t s o f a n o c e a n m i n i n g s y s t e m . 
T h e e c o n o m i c m o d e l w h i c h i s d e v e l o p e d i n t h i s c h a p t e r i s d i v i d e d 
i n t o two p h a s e s . T h e f i r s t p h a s e i s c o n c e r n e d w i t h e s t i m a t i n g t h e c o s t 
f a c t o r s o f t h e s e v e n g e n e r a l s u b s y s t e m s m e n t i o n e d a b o v e . O n c e t h e s e 
v a l u e s h a v e b e e n e s t i m a t e d f o r e a c h y e a r i n t h e a n a l y s i s p e r i o d , t h e y c a n 
b e i n p u t e d i n t o t h e s e c o n d , o r e c o n o m i c a n a l y s i s , p h a s e . 
T h e c o s t e s t i m a t i o n p h a s e o f t h e m o d e l i s h i g h l y d e p e n d e n t on 
t h e t y p e o f o c e a n d e p o s i t b e i n g c o n s i d e r e d a n d on t h e t y p e o f e q u i p m e n t 
w h i c h i s s e l e c t e d f o r t h a t o c e a n d e p o s i t . F i g u r e 2 s h o w s t h i s p h a s e o f 
t h e m o d e l f o r t h e s p e c i a l c a s e o f P a c i f i c O c e a n m a n g a n e s e n o d u l e d e p o s i t s . 
T h e m i n i n g s y s t e m f o r w h i c h t h i s a n a l y s i s a p p l i e s i s a n h y d r a u l i c d r e d g i n g 
s y s t e m . T h e t r a n s p o r t e q u i p m e n t i s t h e common o c e a n g o i n g b a r g e - t u g u n i t . 
I n F i g u r e 2 t h e i n p u t v a l u e s t h a t a r e n e e d e d f o r t h e c o s t e s t i m a t i n g 
f o r m u l a s a r e n o t e d w i t h one a s t e r i s k ; w h i l e t h e e s t i m a t e d c o s t v a l u e s , 
t h e i n p u t s f o r p h a s e t w o , a r e n o t e d w i t h t w o a s t e r i s k s . 
T h e c o s t o f t h e h y d r a u l i c d r e d g e i s t h e o n l y c o s t f a c t o r w h i c h i s 
n o t p r o g r a m m e d i n t o t h e c o m p u t e r m o d e l . T h e r e a r e t w o r e a s o n s why t h i s 
f a c t o r i s h a n d c a l c u l a t e d . T h e f i r s t r e a s o n i s t h a t t h e c o s t o f t h e 
m i n i n g v e s s e l i s one o f t h e f a c t o r s s e l e c t e d f o r e x p e r i m e n t a t i o n . I t 
w a s s e l e c t e d b e c a u s e t h e r e h a s b e e n a w i d e r a n g e o f c o s t e s t i m a t e s f o r a 
m i n i n g v e s s e l c a p a b l e o f d r e d g i n g m a n g a n e s e n o d u l e s . T h e s e c o n d r e a s o n 
i s t h a t t h e p r o c e d u r e s e l e c t e d f o r e s t i m a t i n g t h e c o s t o f t h e d r e d g e 
d e p e n d s on a s e t o f g r a p h s p r e s e n t e d b y P r o f e s s o r H a r r y B e n f o r d i n a n 
a r t i c l e e n t i t l e d " O c e a n O r e - C a r r i e r E c o n o m i c s a n d P r e l i m i n a r y D e s i g n " (2). 
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I n t h i s a r t i c l e B e n f o r d g r a p h s r e l a t i o n s h i p s b e t w e e n s h i p c h a r a c t e r i s t i c s 
s u c h a s d i s p l a c e m e n t , h o r s e p o w e r , d e a d w e i g h t t o n s a n d c u b i c number w i t h 
s h i p c o s t s . 
T o e s t i m a t e a v a l u e f o r t h e s u r f a c e v e s s e l w h i c h w o u l d s u p p o r t 
t h e h y d r a u l i c d r e d g i n g e q u i p m e n t , c e r t a i n s h i p c h a r a c t e r i s t i c s a r e 
t h e r e f o r e n e e d e d . I n h i s b o o k , T h e M i n e r a l R e s o u r c e s o f t h e S e a , J o h n 
L . Me ro p r e s e n t s a s e r i e s o f c a l c u l a t i o n s f o r t h e w e i g h t o f t h e d r e d g i n g 
e q u i p m e n t , t h e h o r s e p o w e r r e q u i r e m e n t s , a n d t h e c o s t o f t h e e q u i p m e n t p e r 
f o o t o f d e p t h . T h e s e c a l c u l a t i o n s a r e b a s e d on a d e p t h o f 1 0 , 0 0 0 f e e t , 
b u t t h e y c a n b e a d j u s t e d f o r d i f f e r e n t d e p t h s . I n t h i s a n a l y s i s a 
d e p t h o f 1 8 , 0 0 0 f e e t w a s a s s u m e d , a n d M e r o ' s f o r m u l a s w e r e a d j u s t e d f o r 
t h i s v a l u e . T h e c o s t d a t a w h i c h Mero r e p o r t e d w a s u p d a t e d w i t h a p r i c e 
i n d e x o f 1 . 4 , a n d a c o s t e s t i m a t e o f $ 6 , 5 0 0 , 0 0 0 w a s o b t a i n e d f o r t h e 
d r e d g e e q u i p m e n t . U s i n g B e n f o r d ' s g r a p h s a n d a p r i c e i n d e x o f a p p r o x i m a t e l y 
1 . 4 , t h e c o s t o f t h e s h i p w a s c a l c u l a t e d a t a p p r o x i m a t e l y $ 1 0 , 0 0 0 , 0 0 0 . 
T h e t o t a l c o s t o f t h e m i n i n g u n i t w o u l d t h e r e f o r e b e $ 1 6 , 5 0 0 , 0 0 0 . 
P h a s e One - C o s t E s t i m a t i o n ( S e e A p p e n d i x A f o r c o m p u t e r p r o g r a m . ) 
T h e c o m p u t e r i z e d p o r t i o n o f t h i s m o d e l i s w r i t t e n i n F o r t r a n f o r 
t h e U n i v a c 1 1 0 8 c o m p u t e r . T h e i n p u t v a l u e s t h a t a r e n e e d e d f o r t h e p r o ­
g r a m a r e l i s t e d b e l o w : 
( 1 ) S S = T h e s p e e d o f t h e t r a n s p o r t v e s s e l s i n k n o t s 
(2) WRM = T h e f r a c t i o n o f m a t e r i a l l o s t a s w a s t e d u r i n g t h e 
m i n i n g o p e r a t i o n s . 
( 3 ) L D = T h e l e n g t h o f t h e d e v e l o p m e n t p e r i o d i n y e a r s 
( 4 ) N Y B = T h e l e n g t h o f l o n g t e r m l o a n s ( i n y e a r s ) 
( 5 ) N S = T h e l e n g t h o f s h o r t t e r m l o a n s ( i n y e a r s ) 
( 6 ) I I = T h e i n t e r e s t r a t e f o r s h o r t t e r m b o r r o w i n g 
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( 7 ) 1 2 = T h e i n t e r e s t r a t e f o r l o n g t e r m " b o r r o w i n g 
( 8 ) SM = T h e h o r s e p o w e r o f t h e m i n i n g v e s s e l 
( 9 ) CNM = C u b i c number f o r t h e m i n i n g v e s s e l 
( 1 0 ) DSM = T h e d i s p l a c e m e n t o f t h e m i n i n g v e s s e l 
( 1 1 ) CDT = T h e number o f t o n s o f c a r g o t h a t c a n b e c a r r i e d 
b y t h e b a r g e s 
( 1 2 ) S = T h e d i s t a n c e f r o m t h e d e p o s i t t o i t s s h o r e b a s e d 
p r o c e s s i n g f a c i l i t y ( i n n a u t i c a l m i l e s ) 
( 1 3 ) D S T 1 = T h e d i s p l a c e m e n t o f t h e b a r g e s 
( 1 4 ) C N T 1 = C u b i c number f o r t h e b a r g e s 
( 1 5 ) C N T 2 = C u b i c number f o r t h e t u g s 
( 1 6 ) S T 2 = T u g h o r s e p o w e r 
( 1 7 ) CM = C o s t o f t h e m i n i n g u n i t 
( 1 8 ) DQ = C o s t o f t h e d r e d g e e q u i p m e n t 
( 1 9 ) VM = T o n s o f o r e m i n e d p e r y e a r 
( 2 0 ) G = R a t i o o f t u g s n e e d e d p e r b a r g e 
( 2 1 ) XM, X N , X C , X B = T h e c o n c e n t r a t i o n s o f m a n g a n e s e , n i c k e l , 
c o p p e r a n d c o b a l t i n t h e n o d u l e s m i n e d 
( 2 2 ) PM, P N , P C , PB = T h e m a r k e t p r i c e f o r m a n g a n e s e , n i c k e l , 
c o p p e r a n d c o b a l t r e s p e c t i v e l y 
T h e n u m b e r e d c i r c l e s o f F i g u r e 2 r e p r e s e n t t h e o p e r a t i o n s w h i c h 
a r e p e r f o r m e d t o e s t i m a t e t h e c o s t p a r a m e t e r s o f t h e m o d e l . T h e f i r s t 
o p e r a t i o n , w h i c h h a s a l r e a d y b e e n d i s c u s s e d , i s t h e e s t i m a t i o n o f t h e 
d r e d g e c o s t . F o l l o w i n g i s a b r i e f o u t l i n e o f t h e r e m a i n i n g o p e r a t i o n s . 
O p e r a t i o n 2 - T o n s o f O r e T r a n s p o r t e d 
V T = V M ( 1 - WRM) 
WM = X ( V M ) 
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w h e r e : X = c o s t p e r t o n f o r w a s t e d i s p o s a l a t m i n e s i t e 
WM = a n n u a l w a s t e d i s p o s a l c o s t a t t h e m i n e s i t e 
V T = t o n s o f o r e t r a n s p o r t e d 
O p e r a t i o n 5 - T r a n s p o r t V e s s e l C o s t 
R T D = ( 2 ( S ) / 2 4 ( S S ) ) + k 
T P Y = 3 5 0 / R T D 
N S 1 = V T / ( T P Y ) ( C D T ) 
N S 2 = ( N S 1 ) ( G ) 
R T = V T / C D T 
C T = N S l ( $ 5 5 0 , 0 0 0 ) 
w h e r e : R T D = number o f d a y s i n a r o u n d t r i p f o r t r a n s p o r t 
v e s s e l s a s s u m i n g 2 p o r t d a y s a n d 2 l o a d i n g d a y s 
T P Y = number o f t r i p s p e r y e a r t h a t c a n b e made b y 
a t r a n s p o r t v e s s e l 
N S 1 = number o f b a r g e s n e e d e d 
N S 2 = number o f t u g s n e e d e d 
R T = t o t a l n u m b e r o f r o u n d t r i p s n e e d e d t o d e l i v e r 
a l l o f t h e a n n u a l p r o d u c t i o n 
C T = c o s t o f t h e b a r g e s 
A s s u m p t i o n s : ( l ) T P Y i s b a s e d on 3 5 0 o p e r a t i n g d a y s p e r y e a r 
( 2 ) C T i s b a s e d on a n e s t i m a t e d c o s t f o r e a c h b a r g e 
o f $ 5 5 0 , 0 0 0 . T h i s f a c t o r m u s t b e c h a n g e d f o r 
b a r g e s o f s i g n i f i c a n t l y d i f f e r e n t s i z e . T h e 
b a r g e s u s e d i n t h i s a n a l y s i s c a n c a r r y a p p r o x i ­
m a t e l y 1 0 , 0 0 0 t o n s o f o r e ( 2 2 ) . 
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O p e r a t i o n k - S i n g l e V a l u e E s t i m a t e s (23) a n d (13) 
CF = $5,000,000 
T ( L D - l ) = $8,000,000 a l l o t h e r T ( j ) = 0 
EC(1) = EC(2) = $3,000,000 a l l o t h e r E C ( j ) = 0 
w h e r e : C F = c o s t o f p o r t f a c i l i t i e s 
T ( j ) = c o s t o f t e s t s a n d t r i a l s o f e q u i p m e n t i n 
y e a r j 
E C ( j ) = e x p l o r a t i o n c o s t i n y e a r j 
L D = l e n g t h o f d e v e l o p m e n t p e r i o d 
O p e r a t i o n s 5? 6, 7 a n d lk - O p e r a t i n g a n d O v e r h e a d C o s t f o r M in ing (26 ) . 
SCM = 1.25(13 (CNM/1000) 1/ 6 + 1 2 ( S M / l O O O ) 1 / / 5 - 12) 
ML = SCM($15,000) 
MS = $80 (SCM/ lO) I + + $0.02(7200) (SM) 
MM = $10,000(CNM/l000)2/5 + $1+500 ( S M / l O O O ) 2 / 5 + 0.05(DQ) 
OCM = ML + MS + MM 
MO = ( l / 9 ) 0 C M 
w h e r e : OCM = o p e r a t i n g c o s t f o r m i n i n g 
SCM = s i z e o f t h e c r e w f o r t h e m i n i n g v e s s e l 
ML = a n n u a l l a b o r c o s t f o r m i n i n g 
MS = f u e l a n d s u p p l y c o s t f o r m i n i n g 
MM = m i n i n g m a i n t e n a n c e a n d r e p a i r c o s t 
DQ, = c o s t o f t h e d r e d g e e q u i p m e n t 
MO = m i n i n g o v e r h e a d 
A s s u m p t i o n s : ( l ) ML i s b a s e d o n a n e s t i m a t e d a n n u a l w a g e 
o f $15,000 p e r man 
(2) MS i s b a s e d on a n e s t i m a t e d p o w e r c o s t o f $0.02 
p e r h o r s e p o w e r - h o u r 
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( 3 ) MM i s b a s e d o n a f i g u r e f o r m a i n t e n a n c e 
o f t h e s h i p p l u s a p p r o x i m a t e l y 5 p e r c e n t 
o f DQ f o r m a i n t e n a n c e o f t h e d r e d g e e q u i p m e n t 
O p e r a t i o n 8 - P r o c e s s i n g a n d M a r k e t i n g C o s t s 
C P = ( V T / I , 8 O O , O O O ) 0 , 6 ( $ 6 0 , 0 0 0 , 0 0 0 ) 
W P I = ( O . l ) C P 
WPA = ( $ l ) V T 
O C P = ( $ 1 5 ) V T 
PO = ( l / 9 ) 0 C P 
M = (lA)(0CP + P O ) 
L A = ( $ 5 ) V T 
w h e r e : C P = c o s t o f t h e p r o c e s s i n g f a c i l i t y 
W P I = c o s t o f w a s t e d i s p o s a l e q u i p m e n t a t p r o c e s s i n g 
p l a n t 
WPA = a n n u a l w a s t e d i s p o s a l c o s t a t p r o c e s s i n g p l a n t 
O C P = o p e r a t i n g c o s t o f p r o c e s s f a c i l i t y 
PO = o v e r h e a d o f p r o c e s s o p e r a t i o n s 
M = m a r k e t i n g c o s t 
L A = l e a s e a c q u i s i t i o n c o s t 
A s s u m p t i o n s : ( l ) T h e p r o c e s s f a c i l i t y c o s t i s b a s e d o n a n 
e s t i m a t e d c o s t o f $ 6 0 , 0 0 0 , 0 0 0 f o r a 1 , 8 0 0 , 0 0 0 
t o n p e r y e a r o p e r a t i o n . T h e f o r m u l a u s e d i s a n 
a p p r o x i m a t e m e a s u r e o f c o s t f o r d i f f e r e n t s i z e 
p r o d u c t i o n f a c i l i t i e s ( 7 ) . 
( 2 ) W P I i s b a s e d o n a v a l u e o f a p p r o x i m a t e l y 10 p e r 
c e n t o f t h e p r o c e s s f a c i l i t y c o s t 
5 2 
( 3 ) WPA i s e s t i m a t e d t o b e $ 1 p e r t o n o f o r e p r o c e s s e d 
(k) O C P i s e s t i m a t e d t o b e $ 1 5 p e r t o n o f o r e p r o c e s s e d . 
E s t i m a t e s f o r t h i s q u a n t i t y h a v e r a n g e d f r o m $ 5 / t o n 
t o $ 3 0 / t o n 
( 5 ) O v e r h e a d i s a s s u m e d t o b e 10 p e r c e n t o f t h e t o t a l 
p r o c e s s i n g c o s t 
( 6 ) M a r k e t i n g c o s t s a r e e s t i m a t e d t o b e 2 0 p e r c e n t o f 
t o t a l p r o c e s s i n g a n d m a r k e t i n g c o s t 
( 7 ) L A i s b a s e d on a 5 p e r c e n t r o y a l t y f o r t h e o r e 
w h i c h i s p r o c e s s e d . T h e v a l u e o f a t o n o f o r e i s 
e s t i m a t e d t o b e $ 1 0 0 
O p e r a t i o n 9 - G r o s s R e v e n u e 
VMN = ( V T ) ( X M ) ( . 9 5 ) 
' V N = ( V T ) ( X N ) ( . 9 5 ) 
VC = ( V T ) ( X C ) ( . 9 5 ) 
V B = ( V T ) ( X B ) ( . 9 5 ) 
GR = (VMW)(PM) + ( V N ) ( P N ) + ( V C ) ( P C ) + ( V B ) ( P B ) 
w h e r e : VMN = t o n s o f m a n g a n e s e p r o d u c e d 
VN = t o n s o f n i c k e l p r o d u c e d 
V C = t o n s o f c o p p e r p r o d u c e d 
V B = t o n s o f c o b a l t p r o d u c e d 
GR = g r o s s r e v e n u e 
A s s u m p t i o n s : ( l ) T h e r e c o v e r y p e r c e n t a g e f o r a l l o f t h e m i n e r a l s 
i s a s s u m e d t o b e 9 5 p e r c e n t ( 6 ) 
O p e r a t i o n s 1 0 , 1 1 , 1 2 , 1 5 , a n d 1 5 - T r a n s p o r t a t i o n C o s t s ( 2 6 ) . 
TM = ( $ 1 0 , 0 0 0 ( C N T 1 / 1 0 0 0 ) 2 ^ + 4 0 , 0 0 0 ) ( N S l ) 
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+ ( $ 1 0 , 0 0 0 ( C N T 2 / l 0 0 0 ) 2/3 + $ 4 5 0 0 ( S T 2 / l O O O ) 2 / 5 ) ( N S 2 ) 
T L = $15,000(NS1(0) + NS2(13)) 
T F = ($670)(350)(NS2) + $1000 + $80 ( D S T l/l000 ) ( R T ) 
T H = ($50,000 + 12 ( D S T l / l 0 0 0 ) ) ( N S l + N S 2 ) + ($1500)(350)(NS2) 
OCT = TM + T L + T F 
w h e r e : TM = t r a n s p o r t m a i n t e n a n c e a n d r e p a i r c o s t 
T L = t r a n s p o r t l a b o r c o s t 
T F = t r a n s p o r t f u e l c o s t p l u s p o r t f e e s 
T H = t r a n s p o r t a t i o n o v e r h e a d c o s t 
OCT = t r a n s p o r t a t i o n o p e r a t i n g c o s t 
A s s u m p t i o n s : ( l ) T L i s b a s e d on a c r e w o f 13 men f o r e a c h t u g 
a n d 0 men f o r e a c h b a r g e . A n n u a l w a g e s a r e 
a s s u m e d t o a v e r a g e $15,000 p e r man 
( 2 ) T F i s b a s e d on a f u e l c o s t o f $670 p e r d a y a n d 
p o r t f e e s 
(3) T H i n c l u d e s a n a s s u m e d $1500 p e r d a y c h a r t e r f e e 
f o r t u g s 
S U ( L D ) = .25(ML + T L + .30CP + -5M) + .1 (OCM 
+ O C T + 0 C P ) a l l o t h e r S U ( j ) = 0 
( I 0 ( J ) , J = 1 , L D ) = . 1 ( E C ( J ) + T ( J ) + C M 1 ( J ) + C T 1 ( J ) + C P l ( j ) 
+ S U ( J ) ) a l l o t h e r 1 0 ( j ) = 0 
w h e r e : S U ( J ) = s t a r t u p c o s t i n y e a r j 
1 0 ( j ) = i n i t i a l o v e r h e a d i n y e a r j 
C M 1 ( J ) , C T 1 ( J ) , C P 1 ( J ) = c a p i t a l c o s t s o f m i n i n g , 
t r a n s p o r t a t i o n a n d p r o c e s s i n g e q u i p m e n t 
r e s p e c t i v e l y 
O p e r a t i o n 16 - S t a r t Up a n d I n i t i a l O v e r h e a d C o s t s 
5 4 
A s s u m p t i o n s : ( l ) S U ( L D ) i s b a s e d o n 25 p e r c e n t o f t h e a n n u a l 
l a b o r c o s t a n d 10 p e r c e n t o f t h e a n n u a l o p e r a t i n g 
c o s t s 
(2) 1 0 ( J ) i s b a s e d on 10 p e r c e n t o f t h e c a p i t a l 
c o s t s i n c u r r e d i n t h e d e v e l o p m e n t y e a r s 
O p e r a t i o n 1 7 - I n s u r a n c e a n d D e p r e c i a t i o n E x p e n s e s ( l ) 
I N S ( J ) = D M ( J ) ( . 0 3 ) ( ( L M E + l ) / 2 L M E ) + D T ( j ) ( . 0 3 ) 
( ( L T E + l ) / 2 L T E ) + D P ( J ) ( . 0 3 ) ( ( L P E + l ) / 2 L P E ) 
D ( J ) = D M ( J ) / L M E + D T ( J ) / L T E + D P ( J ) / L P E + D X 1 ( J ) 
w h e r e : I N S ( j ) = i n s u r a n c e c o s t i n y e a r j 
D ( j ) = d e p r e c i a t i o n e x p e n s e i n y e a r j 
I M E , L T E , L P E = l i v e s o f t h e m i n i n g , t r a n s p o r t , a n d p r o ­
c e s s i n g e q u i p m e n t r e s p e c t i v e l y 
D M ( J ) , D T ( J ) J D P ( J ) = c a p i t a l c o s t s o f t h e m i n i n g , t r a n s p o r t a n d 
p r o c e s s i n g e q u i p m e n t r e s p e c t i v e l y 
D X l ( j ) = d e p r e c i a t i o n e x p e n s e o f o t h e r e q u i p m e n t 
A s s u m p t i o n s : ( l ) T h e a v e r a g e a n n u a l i n s u r a n c e r a t e i s 5 p e r c e n t 
( 2 ) S t r a i g h t l i n e d e p r e c i a t i o n i s u s e d 
( 5 ) S e v e n t y p e r c e n t o f t h e e x p l o r a t i o n a n d t e s t 
c o s t s a r e d e p r e c i a t e d o v e r t h e l i f e o f t h e i n v e s t ­
men t a n d i n c l u d e d a s D X l ( j ) 
O p e r a t i o n 1 8 - M i s c e l l a n e o u s A n n u a l E x p e n s e 
M A E ( J ) = . 3 ( E C ( J ) + T ( J ) ) 
w h e r e : M A E ( j ) = m i s c e l l a n e o u s a n n u a l e x p e n s e i n y e a r j 
A s s u m p t i o n s : ( l ) T h i r t y p e r c e n t o f t h e e x p l o r a t i o n a n d t e s t 
c o s t s a r e a s s u m e d t o b e n o n - d e p r e c i a b l e e x p e n s e s 
a n d a r e t r e a t e d a s m i s c e l l a n e o u s c o s t s . 
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Phase Two - Economic Analysis 
After the cost factors have been estimated by phase one of the 
computer model, the second phase can begin. The purpose of this phase 
is to develop the expected cash flows for each year of the ocean mining 
investment. This objective can be accomplished through the use of the 
cost estimates provided by phase one and a set of assumed economic 
conditions. Figure 3 shows the basic relationships which were assumed 
for this study. 
The economic system outlined by Figure 3 is broken down into two 
distinct sections. The first section applies during the development years 
of the project, and the second section applies after production starts. 
The development period lasts for LD years. The total length of the pro­
ject is designated by the variable LP in the program and is assumed, as 
a general rule, to be five times the length of the development period. 
During the development period capital for purchasing assets and 
paying initial expenses is assumed to flow from three different sources; 
ownership, long term borrowing, and short term borrowing. Ownership and 
long term borrowing are calculated as percentages of the cash needed for 
working capital and the purchase of physical assets. This percentage 
varies from year to year and is dependent on the assets that the firm can 
use as collateral. For the case of Pacific Ocean manganese nodules the 
following relationships were used: 
0(J) . 3 3 3 TA(J) + WCO(J) (J 1 , 2 , 3 ) 
0(J) . 2 5 TA(J) + WCO(J) (J 4 ) 
L T B 1 ( J ) . 6 6 7 TA(J) + WCB(J) (J 1 , 2 , 3 ) 
L T B 1 ( J ) . 7 5 TA(J) + WCB(J) (J 
where: 0(j) increase in ownership in year j 
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D e v e l o p m e n t Y e a r s 
C a s h F l o w 
I n f o r m a t i o n F l o w 
F i g u r e 3 . E c o n o m i c A n a l y s i s 
57 
TA(j) = cost of assets acquired in year j 
WC(j) = working capital needed in year j 
WCB(j) = the portion of working capital that is borrowed 
in year j 
L T B 1 ( J ) = increase in long term borrowing in year j 
WCO(j) = the portion of working capital supplied through 
ownership 
The third source of cash, short term borrowing, is used to keep 
the project in operation when the available working capital is insufficient 
to cover the costs incurred during a year. It is assumed that the firm 
will be able to make short term loans in the years where the estimated 
working capital is less than the cash deficit. 
In the case of manganese nodule deposits, the working capital pro­
vided for each year is based on a percentage of the assets acquired 
during that year. The following relationships were used for this analysis. 
WC ( 1 ) = TA(l) 
WC(2) = TA(2) 
wc(3) = . 3 3 3 TA (3 ) 
WC(4) = .250 TA(4) 
WC(J) =0 J = 5j LP 
The initial costs which must be paid with working capital are the 
initial overhead expenses, the interest expenses on long and short term 
loans, insurance, start up costs, long and short term debt retirement, 
and miscellaneous annual expenses. Phase one of this model provided 
estimates for all of these costs except the interest and debt retirement 
expenses. Below are the relationships used to estimate these costs: 
58 
1 E ( J ) = S S T B ( J ) - 2 D R S ( J ) ) I I + L T B ( J ) 1 2 
n = l n = l 1 
D R L ( J ) = L T B 1 ( J - 1 ) / N Y B + L T B l ( J - l ) / N Y B + . . . + L T B 1 ( J - N Y B ) / N Y B 
D R S ( j ) = S T B ( J - 1 ) / N S + S T B ( J - 2 ) / N S + . . . + S T B ( J - N S ) / N S 
w h e r e : 1 E ( J ) = i n t e r e s t e x p e n s e i n y e a r j 
D R L ( J ) 1! l o n g t e r m d e b t r e t i r e m e n t i n y e a r j 
D R S ( J ) = s h o r t t e r m d e b t r e t i r e m e n t i n y e a r j 
S T B ( J ) s h o r t t e r m l o a n i n y e a r j 
NYB l e n g t h o f l o n g t e r m l o a n 
NS l e n g t h o f s h o r t t e r m l o a n 
1 1 = i n t e r e s t r a t e f o r s h o r t t e r m l o a n 
1 2 = i n t e r e s t r a t e f o r l o n g t e r m l o a n 
L T B ( J ) l o n g t e r m l o a n s o u t s t a n d i n g i n y e a r j 
A s t h e r e i s n o r e v e n u e g e n e r a t e d i n t h e d e v e l o p m e n t y e a r s o f t h e 
p r o j e c t , t h e sum o f t h e d e p r e c i a t i o n , i n s u r a n c e , i n t e r e s t , s t a r t u p c o s t s 
a n d m i s c e l l a n e o u s a n n u a l e x p e n s e s o f a y e a r i s c o n s i d e r e d a s t h e l o s s 
i n c u r r e d i n t h a t y e a r . T h e sum o f t h e l o s s e s s u s t a i n e d i n t h e i n i t i a l 
y e a r s c a n b e u s e d a s a t a x a l l o w a n c e when p r o d u c t i o n s t a r t s a n d p r o f i t s 
a r e g e n e r a t e d . V a r i a b l e T C D ( j ) i n t h e m o d e l r e p r e s e n t s t h e sum o f t h e s e 
l o s s e s . 
T h e a c t u a l c a s h amoun t t h a t w a s r e q u i r e d b y t h e p r o j e c t d u r i n g 
t h e s e y e a r s w h e n n o r e v e n u e i s b e i n g g e n e r a t e d i s c a l l e d t h e c a s h d e f i c i t , 
C D ( j ) . T h i s v a r i a b l e i s e q u a l t o t h e l o s s e s r e p o r t e d f o r a y e a r , T C D ( j ) , 
p l u s t h e d e p r e c i a t i o n e x p e n s e a n d m i n u s t h e d e b t r e t i r e m e n t p a y m e n t s . T h e 
d e p r e c i a t i o n r e p r e s e n t s a b o o k c o s t a n d n o t a c a s h o u t l a y , t h e r e f o r e , i t 
i s n o t i n c l u d e d i n t h e c a s h o u t l a y . 
A f t e r t h e d e v e l o p m e n t p e r i o d h a s e n d e d t h e r e v e n u e s g e n e r a t e d b y 
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t h e s a l e o f m i n e r a l s s h o u l d b e s u f f i c i e n t t o p a y a l l o f t h e e x p e n s e s o f 
t h e o p e r a t i o n s a n d p r o v i d e p r o f i t s f o r t h e m i n i n g f i r m . T o d e t e r m i n e 
t h e p r o f i t b e f o r e t a x i n a n y y e a r t h e f o l l o w i n g r e l a t i o n s h i p s a r e u s e d : 
N R ( J ) = GR - I N S ( J ) - L A - M 
P B T ( J ) = N R ( J ) - (OCM + MO + OCT + T H + O C P + PO + WPA) -
D ( J ) - I E ( J ) 
w h e r e : N R ( J ) = n e t r e v e n u e i n y e a r j 
P B T ( j ) = p r o f i t b e f o r e t a x i n y e a r j 
T h e t a x a b l e p r o f i t b e f o r e t a x , P B T l ( j ) , i s c a l c u l a t e d b y s u b ­
t r a c t i n g t h e t a x a l l o w a n c e s f r o m t h e p r o f i t b e f o r e t a x . I n t h i s m o d e l 
t h e o n l y t a x a l l o w a n c e w h i c h i s c o n s i d e r e d i s t h e sum o f t h e l o s s e s i n ­
c u r r e d , T C D ( j ) . L o s s e s c a n o n l y b e u s e d a s t a x a l l o w a n c e s o n c e , t h e r e f o r e , 
T C D ( j ) i s d i m i n i s h e d b y t h e amoun t u s e d a s a t a x a l l o w a n c e i n a n y y e a r . 
T h e t a x e x p e n s e f o r t h e m i n i n g f i r m , T E ( j ) , i s a p p r o x i m a t e d b y a 
v a l u e e q u a l t o 50$ o f t h e t a x a b l e p r o f i t b e f o r e t a x . T h i s l e a v e s a 
p r o f i t a f t e r t a x , P A T ( j ) , e q u a l t o t h e p r o f i t b e f o r e t a x m i n u s t h e t a x 
e x p e n s e . 
T h e a c t u a l c a s h amoun t g e n e r a t e d b y t h e m i n i n g o p e r a t i o n s i s e q u a l 
t o t h e p r o f i t a f t e r t a x p l u s t h e d e p r e c i a t i o n e x p e n s e . T h i s r e l a t i o n ­
s h i p e x i s t s b e c a u s e t h e d e p r e c i a t i o n e x p e n s e i s o n l y a b o o k c o s t u s e d 
f o r t a x d i s c o u n t p u r p o s e s . C a s h g e n e r a t e d , C G ( j ) , t h u s m o r e a c c u r a t e l y 
d e f i n e s t h e c a s h w h i c h t h e m i n i n g f i r m w i l l h a v e a v a i l a b l e a f t e r t a x e s 
h a v e b e e n p a i d . T h i s c a s h i s u s e d t o r e t i r e l o n g a n d s h o r t t e r m d e b t s 
a n d t o p r o v i d e p r o f i t s f o r t h e f i r m , C S ( J ) . 
O u t p u t F o r m a t 
A n o u t l i n e o f t h e o u t p u t f o r m a t f o r t h e e c o n o m i c a n a l y s i s i s 








































Figure k. Output Format 
6 1 
T A = c o s t o f a s s e t s a c q u i r e d 
WC = w o r k i n g c a p i t a l n e e d e d 
0 1! i n c r e a s e i n o w n e r s h i p 
L T B 1 l o n g t e r m l o a n 
T I = i n c r e a s e i n t o t a l i n v e s t m e n t 
OW c u m u l a t i v e v a l u e o f o w n e r s h i p 
L T B = l o n g t e r m d e b t l e v e l 
T O T I = c u m u l a t i v e t o t a l i n v e s t m e n t 
S T B = s h o r t t e r m l o a n 
BVA b o o k v a l u e o f a s s e t s 
V T = t o n s o f o r e t r a n s p o r t e d 
GR = g r o s s r e v e n u e 
INS i n s u r a n c e 
M = m a r k e t i n g c o s t 
L A — l e a s e a c q u i s i t i o n 
p r e s e n t e d i n F i g u r e k. T h e c o l u m n h e a d e d " E L E M E N T " c o n t a i n s t h e c o s t 
a n d r e v e n u e f a c t o r s i n c l u d e d i n t h e a n a l y s i s . T h e r e m a i n i n g c o l u m n s a r e 
h e a d e d b y a p a r t i c u l a r y e a r . T h e v a l u e s i n t h e s e c o l u m n s c o r r e s p o n d t o 
t h e e l e m e n t name i n t h e i r r o w . T h e l a s t t w o r o w s o f t h e c o m p u t e r p r i n t ­
o u t c o r r e s p o n d t o t h e t w o m e a s u r e s o f e c o n o m i c w o r t h i n c o r p o r a t e d i n 
t h e m o d e l . 
T a b l e 6 c o n t a i n s a l i s t i n g o f t h e d e f i n i t i o n s o f t h e s y m b o l s 
u s e d i n t h e o u t p u t f o r m a t . 
T a b l e 6 . O u t p u t S y m b o l s 
T a b l e 6 . O u t p u t S y m b o l s ( c o n t ' d ) 
N R 1! net revenue 
OCM 1! operating cost of mining 
MO = mining overhead 
OCT operating cost of transportation 
T H transport overhead 
O C P = operating cost of processing 
PO = process overhead 
WPA waste disposal cost 
D = depreciation 
TMC = total of 1 0 ( J ) , M A E ( J ) and S U ( j ) 
I E = interest expense 
P B T = profit before tax 
T C D = cumulative tax allowance 
P B T 1 = taxable profit before tax 
T E = tax expense 
P A T = profit after tax 
D = depreciation 
C G = cash generated 
D E L = long term debt retirement 
DRS 1! short term debt retirement 
C S = cash surplus 
CD = cash deficit 
RO It rate of return on ownership 
R I = rate of return on investment 
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C H A P T E R V I 
T E S T S O F T H E ECONOMIC MODEL 
I n o r d e r t o t e s t t h e o p e r a t i o n o f t h e m o d e l , P a c i f i c O c e a n 
m a n g a n e s e n o d u l e d e p o s i t s w e r e c h o s e n a s t h e t e s t c a s e . T h e s e d e p o s i t s 
w e r e s e l e c t e d b e c a u s e t h e r e i s more i n f o r m a t i o n a v a i l a b l e c o n c e r n i n g 
t h e m t h a n a l m o s t a n y o t h e r o c e a n d e p o s i t . T h e y a r e a l s o c o n s i d e r e d b y 
many e x p e r t s t o b e one o f t h e more p r o b a b l e d e p o s i t s f o r i n i t i a l d e e p 
s e a m i n i n g o p e r a t i o n s . I n a d d i t i o n , m a n g a n e s e n o d u l e d e p o s i t s a r e l o ­
c a t e d i n d e e p w a t e r , 12,000 t o 18,000 f e e t , a n d a r e f a r f r o m l a n d , 
a p p r o x i m a t e l y kOOO n a u t i c a l m i l e s . T h e y w i l l t h u s b e e x p o s e d t o many 
o f t h e e n v i r o n m e n t a l c o n d i t i o n s o f t h e o c e a n . 
T h e c o s t e s t i m a t i o n p h a s e o f t h i s e c o n o m i c m o d e l , a s w a s o u t l i n e d 
i n t h e p r e v i o u s c h a p t e r , i s p r e p a r e d f o r t h e m a n g a n e s e n o d u l e c a s e . T h e 
t e s t s w h i c h a r e r u n w i t h t h e m o d e l c o n s i s t o f v a r y i n g s e v e r a l o f t h e 
e c o n o m i c p a r a m e t e r s i n p u t e d t o t h e m o d e l . T h e p a r a m e t e r s w h i c h w e r e 
s e l e c t e d f o r a n a l y s i s a r e : ( l ) t h e p r i c e s o f t h e m i n e r a l s ; (2) t h e 
a n n u a l m i n i n g p r o d u c t i o n ; ( 3 ) t h e p a y b a c k p e r i o d f o r l o n g t e r m l o a n s a n d 
(k) t h e c o s t o f t h e m i n i n g e q u i p m e n t . 
A s s u m p t i o n s c o n c e r n i n g t h e n a t u r e o f t h e P a c i f i c O c e a n m a n g a n e s e 
n o d u l e d e p o s i t s w e r e made i n o r d e r t o p r o v i d e a s t r u c t u r e a r o u n d w h i c h 
t h e t e s t s c o u l d b e o r g a n i z e d . T h e s e a s s u m p t i o n s w e r e : 
(1) A d e v e l o p m e n t p e r i o d o f f o u r y e a r s w a s a s s u m e d f o r c o n s t r u c t i o n 
a n d o r g a n i z a t i o n o f t h e m i n i n g o p e r a t i o n . 
(2) T h e n o d u l e s a r e l o c a t e d a p p r o x i m a t e l y kOOO n a u t i c a l m i l e s 
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f r o m t h e s h o r e b a s e d on p r o c e s s i n g f a c i l i t y a n d a r e i n d e p t h s 
o f w a t e r b e t w e e n 1 2 , 0 0 0 a n d 1 8 , 0 0 0 f e e t . 
( 3 ) T h e n o d u l e s m u s t b e t r a n s p o r t e d t o a s h o r e b a s e d p r o c e s s i n g 
f a c i l i t y b e f o r e t h e y c a n b e m a r k e t e d . 
(k) T h e f o l l o w i n g c o n c e n t r a t i o n s ( d r y w e i g h t ) a r e a s s u m e d f o r 
t h e n o d u l e s : Mn, 2 9 . 0 p e r c e n t N i , 1 . 5 p e r c e n t , C u , 1 . 9 
p e r c e n t ; C o , 0 . 2 p e r c e n t . 
( 5 ) P r o c e s s r e c o v e r y p e r c e n t a g e s f o r a l l f o u r m i n e r a l s w e r e 
a s s u m e d t o b e 95 p e r c e n t . 
(6) A n h y d r a u l i c d r e d g i n g s y s t e m b a s e d on a s u r f a c e v e s s e l w a s 
e x p e c t e d . 
( 7 ) T h e t r a n s p o r t s y s t e m i s a s s u m e d t o b e c o m p o s e d o f b a r g e - t u g 
u n i t s w i t h c a r g o c a p a c i t i e s a r o u n d 1 0 , 0 0 0 t o n s . 
T e s t One - P r i c e F l u c t u a t i o n s 
F u t u r e p r i c e s f o r t h e f o u r p r i n c i p a l m i n e r a l s c o n t a i n e d i n m a n ­
g a n e s e n o d u l e s w i l l b e d e t e r m i n e d b y t h e m a r k e t s u p p l y a n d demand c o n ­
d i t i o n s . A t t h e t i m e o f t h i s s t u d y m a n g a n e s e o r e c o n t a i n i n g kQ p e r c e n t 
MnO^ i s v a l u e d a t a p p r o x i m a t e l y $ 0 . 0 3 p e r p o u n d , n i c k e l i s v a l u e d a t 
$ 1 . 3 3 p e i " p o u n d , c o p p e r a t $ 0 . 5 7 p e r p o u n d a n d c o b a l t a t $ 2 . 2 0 p e r p o u n d 
( 1 9 ) . S i n c e s u b s t a n t i a l q u a n t i t i e s o f t h e s e m i n e r a l s w i l l b e p r o d u c e d 
b y t h e o c e a n m i n i n g o p e r a t i o n , r e s u l t i n g d e c r e a s e s i n p r i c e s may b e f o r t h ­
c o m i n g . I n o r d e r t o a n t i c i p a t e t h e e c o n o m i c e f f e c t s o f p r i c e c h a n g e s , a 
t e s t o f t h e m o d e l w a s c o n d u c t e d w i t h p r i c e s 2 0 p e r c e n t b e l o w t h e i r p r e s e n t 
v a l u e s , a n d a c o m p a r i s o n w a s made o f t h e s e r e s u l t s a n d t h e r e s u l t s o b t a i n e d 
w i t h a c t u a l p r i c e s . On t h e b a s i s o f d o l l a r s p e r t o n t h e f o l l o w i n g l i s t 
o u t l i n e s t h e d a t a f o r t h e c o m p u t e r t e s t . 
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Mineral Present Price - 2 0 per cent 
Manganese $ 1 2 3 $ 9 8 
Nickel 2660 2 1 2 8 
Copper 1 1 5 4 923 
Cobalt khoo 3 5 2 0 
The computer results of this test are shown in Figure 5 and 6 . 
These two figures are graphs of the rate of returns earned through a 
particular year of the project. Figure 5 represents the normal case, 
or the case in which actual prices and estimated costs were used. If 
prices decrease by 2 0 per cent and other economic factors remain constant, 
the mining firm could expect changes of the nature evident in the tran­
sition between Figure 5 and Figure 6 . A comparison of these two figures 
shows that the market prices of the minerals is an extremely important 
economic parameter. A decrease in prices of 2 0 per cent resulted in a 
decrease in the rate of return on ownership of 26 per cent over a twenty 
year period. This price decrease also affected the rate of return on 
total investment, decreasing it by 1 0 per cent. 
The charts of Figure 7 and 8 provide additional insights into the 
nature of the changes experienced in the economic system when the mineral 
prices were decreased. Figure 7 and 8 show the changes in the rate of 
return on ownership for the normal case and the reduced price case, 
respectively. During the first year of production the rate of return 
for the normal case jumped from - 1 0 0 per cent to + 2 6 per cent, an in­
crease of 1 2 6 per cent. During the corresponding year for the reduced 
price case the rate of return changed only 1 0 0 per cent, rising from 
- 1 0 0 per cent to 0 per cent. The difference in the rate of returns 
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Figure 5. Normal Case - Rate of Return Curves 
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Figure 8. Price Fluctuations - Change in Rate of Return 
7 0 
f o r t h e t w o c a s e s a t t h i s p o i n t i n t i m e w a s 2 6 p e r c e n t . 
T h e c o m p u t e r o u t p u t f o r t h i s t e s t a n d t h e r e m a i n i n g t e s t s i s 
i n c l u d e d i n A p p e n d i x B . A n e x a m i n a t i o n o f t h i s o u t p u t s h o w s t h a t t h e 
2 0 p e r c e n t p r i c e d e c r e a s e c o s t t h e m i n i n g f i r m a p p r o x i m a t e l y $ 1 5 , 0 0 0 , 0 0 0 
p e r y e a r i n p r o f i t s . 
T e s t Two - M i n i n g P r o d u c t i o n 
A n o t h e r m a j o r f a c t o r i n t h e e c o n o m i c s y s t e m o f a n o c e a n m i n i n g 
o p e r a t i o n i s t h e n u m b e r o f t o n s o f o r e w h i c h a r e e x t r a c t e d f r o m t h e s e a 
f l o o r d u r i n g y e a r l y o p e r a t i o n s . V a l u e s o f 1 , 0 0 0 , 0 0 0 t o 1 , 5 0 0 , 0 0 0 t o n s 
o f n o d u l e s h a v e b e e n s u g g e s t e d a s p r a c t i c a l f o r m a n g a n e s e n o d u l e m i n i n g . 
A t e s t o f t h i s p a r a m e t e r h a s b e e n made w i t h a y e a r l y p r o d u c t i o n v a l u e o f 
1 , 0 0 0 , 0 0 0 t o n s . T h e r e s u l t s o f t h i s t e s t c a n b e c o m p a r e d w i t h t h e n o r m a l 
c a s e w h i c h i s b a s e d on a 1 , 5 0 0 , 0 0 0 t o n o p e r a t i o n . 
F i g u r e 9 s h o w s t h e r e s u l t s o f t h e t e s t made w i t h a 3 3 p e r c e n t 
d e c r e a s e i n p r o d u c t i o n . T h e r a t e o f r e t u r n s o n o w n e r s h i p r e a c h e d a 
v a l u e o f 6 0 p e r c e n t a f t e r t w e n t y y e a r s , 1 8 p e r c e n t b e l o w t h e 7 8 p e r 
c e n t f i g u r e a t t a i n e d i n t h e n o r m a l c a s e . T h e d i f f e r e n c e i n t h e r a t e 
o f r e t u r n on t o t a l i n v e s t m e n t w a s 6 p e r c e n t i n f a v o r o f t h e n o r m a l c a s e . 
F i g u r e 1 0 i s t h e c h a r t o f c h a n g e s i n r a t e o f r e t u r n on o w n e r s h i p 
f o r t h e r e d u c e d p r o d u c t i o n c a s e . A f t e r t w o y e a r s o f p r o d u c t i o n , t h e 
r a t e o f r e t u r n f o r t h i s c a s e w a s 2 0 p e r c e n t b e h i n d t h e r a t e o f r e t u r n 
f o r t h e n o r m a l c a s e . 
T h i s a n a l y s i s i n d i c a t e s t h a t h i g h t h r o u g h p u t s a r e e c o n o m i c a l l y 
d e s i r a b l e f o r o c e a n m a n g a n e s e n o d u l e m i n i n g . T h e e c o n o m i c e f f e c t s o f 
l o w e r p r o d u c t i o n r a t e s a r e n o t a s s i g n i f i c a n t a s t h o s e o f l o w e r p r i c e s , 
b u t a n n u a l p r o d u c t i o n i s s t i l l a n i m p o r t a n t e c o n o m i c f a c t o r . 
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T e s t T h r e e - C o s t o f M i n i n g V e s s e l 
T h e e s t i m a t e d c o s t o f a m i n i n g v e s s e l c a p a b l e o f r e c o v e r i n g 
m a n g a n e s e n o d u l e s f r o m t h e d e p t h s o f t h e o c e a n h a s b e e n one o f t h e m o s t 
v a r i a b l e e l e m e n t s i n t h e e c o n o m i c s t u d i e s o f t h e p a s t . T h e s e e s t i m a t e s 
h a v e r a n g e d f r o m $ 5 , 0 0 0 , 0 0 0 ( 1 8 ) t o $ 1 5 0 , 0 0 0 , 0 0 0 ( 2 3 ) . I n o r d e r t o 
t e s t t h e i m p o r t a n c e o f t h i s e s t i m a t e t o t h e e c o n o m i c j u s t i f i c a t i o n o f 
t h e i n v e s t m e n t , a t e s t w a s r u n w i t h a n i n c r e a s e i n t h e m i n i n g v e s s e l 
c o s t o f kOO p e r c e n t . T h e n o r m a l c a s e w a s b a s e d on a n e s t i m a t e d m i n i n g 
v e s s e l c o s t o f $ 1 6 , 5 0 0 , 0 0 0 , t h e r e f o r e , t h i s t e s t w a s made w i t h a n 
$ 8 2 , 5 0 0 , 0 0 0 e s t i m a t e . 
T h e r e s u l t s o f t h i s t e s t a r e p l o t t e d i n F i g u r e 1 1 . T h e c u r v e s o f 
t h i s f i g u r e a r e v e r y s i m i l a r t o t h o s e o b t a i n e d f o r t h e c a s e o f a p r i c e 
r e d u c t i o n . T h e r a t e o f r e t u r n on o w n e r s h i p r e a c h e s a maximum v a l u e o f 
5 0 p e r c e n t a f t e r t w e n t y y e a r s . T h i s c o m p a r e s w i t h t h e maximum v a l u e o f 
5 2 p e r c e n t o b t a i n e d i n t h e r e d u c e d p r i c e c a s e . 
A n a n a l y s i s o f t h e c o m p u t e r o u t p u t f o r t h e r e d u c e d p r i c e c a s e a n d 
t h i s c a s e , h o w e v e r , r e v e a l some i n t e r e s t i n g d i f f e r e n c e s i n t h e c a s h f l o w s 
o f t h e p r o j e c t s . T h e c a s h s u r p l u s e s f o r t h e c a s e b a s e d on a n $ 8 2 , 5 0 0 , 0 0 0 
m i n i n g v e s s e l v a r y f r o m $ 8 , 0 0 0 , 0 0 0 t o $ 1 5 , 0 0 0 , 0 0 0 mo re p e r y e a r t h a n t h e 
r e d u c e d p r i c e c a s e . T h e r e a s o n l o w e r r a t e s o f r e t u r n a r e g e n e r a t e d b y 
t h i s c a s e i s t h e f a c t t h a t t h e o w n e r s h i p a n d t o t a l i n v e s t m e n t f a c t o r s 
a r e c o n s i d e r a b l y g r e a t e r . 
I n t h e f i r s t y e a r o f o p e r a t i o n t h e p r o f i t s g e n e r a t e d b y t h e c a s e 
w i t h t h e h i g h e r m i n i n g v e s s e l c o s t a r e a c t u a l l y g r e a t e r t h a n t h e p r o f i t s 
g e n e r a t e d b y t h e n o r m a l c a s e . T h i s s i t u a t i o n e x i s t s b e c a u s e t h e n o r m a l 
c a s e h a d a s m a l l e r t a x a l l o w a n c e , a n d t h u s w a s r e q u i r e d t o p a y h i g h e r t a x e s . 
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I n t h e s e c o n d t h r o u g h t h e e i g h t h y e a r t h e p r o f i t s o f t h e n o r m a l c a s e 
w e r e a p p r o x i m a t e l y $ 7 , 0 0 0 , 0 0 0 mo re t h a n t h i s c a s e . T h i s w a s due t o t h e 
h i g h e r d e b t r e t i r e m e n t p a y m e n t s f o r t h e more e x p e n s i v e m i n i n g v e s s e l . 
A f t e r t h e e i g h t h y e a r o f o p e r a t i o n , h o w e v e r , l o n g t e r m d e b t s h a d b e e n 
p a i d a n d t h e p r o f i t s f o r t h e t w o c a s e s w e r e a p p r o x i m a t e l y t h e s a m e . 
T h i s a n a l y s i s r e v e a l s t h a t w h i l e t h e c o s t o f t h e m i n i n g v e s s e l i s 
a n i m p o r t a n t f a c t o r , i t i s r e d u c e d i n i m p o r t a n c e b y t h e t a x s t r u c t u r e 
o f t h e u n i t e d S t a t e s . I f m i n i n g v e s s e l s a c t u a l l y r e a c h t h e c o s t l e v e l s 
o f $ 1 0 0 , 0 0 0 , 0 0 0 o r m o r e , t h e e c o n o m i c d e s i r a b i l i t y o f m a n g a n e s e n o d u l e 
m i n i n g w o u l d c e r t a i n l y s u f f e r , b u t f o r c o s t s a r o u n d $ 2 0 , 0 0 0 , 0 0 0 f a v o r a b l e 
r a t e s o f r e t u r n a p p e a r t o b e o b t a i n a b l e . 
T e s t F o u r - L e n g t h o f L o n g T e r m L o a n s 
T h e f o u r t h t e s t r u n w i t h t h i s m o d e l i n v o l v e d a n i n c r e a s e o f 5 0 
p e r c e n t i n t h e l e n g t h o f l o n g t e r m l o a n s . T h i s c h a n g e d t h e p a y b a c k 
p e r i o d f o r l o n g t e r m d e b t s f r o m t h e 8 y e a r f i g u r e u s e d i n t h e n o r m a l c a s e 
t o a 1 2 y e a r f i g u r e u s e d i n t h i s c a s e . T h e r a t e o f r e t u r n c u r v e s w h i c h 
w e r e o b t a i n e d u n d e r t h e s e c o n d i t i o n s a r e shown i n F i g u r e 1 3 . T h e e f f e c t 
w h i c h t h i s c h a n g e h a d on t h e m e a s u r e s o f e c o n o m i c w o r t h o f t h e i n v e s t m e n t 
w a s t o i n c r e a s e t h e r a t e o f r e t u r n o n o w n e r s h i p b y 6 p e r c e n t a n d t o 
l e a v e t h e r a t e o f r e t u r n on t o t a l i n v e s t m e n t u n a f f e c t e d . 
T h e s e e f f e c t s s h o u l d b e e x p e c t e d b e c a u s e a c h a n g e i n t h e l e n g t h o f 
l o a n s w o u l d p r i m a r i l y b e n e f i t t h e m i n i n g f i r m b y a l l o w i n g i t t o r e c e i v e 
l a r g e r p r o f i t s i n t h e i n i t i a l y e a r s a n d s m a l l e r p r o f i t s i n l a t e r y e a r s . 
T h i s w o u l d b e n e f i t t h e f i r m d u e t o t h e t i m e v a l u e o f m o n e y . T h e r e a s o n 
t h e r a t e o f r e t u r n on t o t a l i n v e s t m e n t i s u n a f f e c t e d i s b e c a u s e t h e i n ­
c r e a s e d p r o f i t s i n t h e i n i t i a l y e a r s i s o f f s e t b y h i g h e r l o n g t e r m l o a n s 
o u t s t a n d i n g , a n d t h u s a h i g h e r v a l u e f o r t o t a l i n v e s t m e n t . 
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Figure 1 3 . Length of Loans - Rate of Return Curves 
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C H A P T E R V I I 
C O N C L U S I O N S AND OUTLOOK 
T e s t C a s e 
T h e f o u r t e s t s w h i c h w e r e d i s c u s s e d i n t h e p r e v i o u s c h a p t e r r e v e a l 
i n f o r m a t i o n a b o u t o c e a n m a n g a n e s e n o d u l e m i n i n g t h a t c o u l d b e u s e f u l t o 
f i r m s c o n t e m p l a t i n g i n v e s t m e n t s i n t h i s a r e a . T h e s e t e s t s i n d i c a t e t h a t 
t h e f i r s t y e a r s o f p r o d u c t i o n f r o m t h e o c e a n d e p o s i t w i l l b e c r u c i a l t o 
t h e e c o n o m i c w o r t h o f t h e i n v e s t m e n t . D u r i n g t h e s e e a r l y y e a r s i n t h e 
l i f e o f t h e p r o j e c t , t a x a l l o w a n c e s a r e a v a i l a b l e t o r e d u c e t a x e x p e n s e s 
a n d t h e t i m e v a l u e o f money i s r e l a t i v e l y c l o s e t o f a c e v a l u e . A s t h e 
l e n g t h o f t h e p r o j e c t e x t e n d s , h o w e v e r , t a x a l l o w a n c e s a r e d e p l e t e d a n d 
t h e t i m e v a l u e o f m o n e y r e d u c e s t h e v a l u e o f p r o f i t s . 
T h e s h a p e o f t h e r a t e o f r e t u r n c u r v e s i n t h e f i g u r e s o f t h e p r e ­
v i o u s c h a p t e r i l l u s t r a t e t h e i m p o r t a n c e o f t h e f i r s t y e a r s o f o p e r a t i o n . 
T h e r e a s o n s f o r t h e s h a r p i n c r e a s e i n t h e r a t e o f r e t u r n a t t h e s t a r t o f 
o p e r a t i o n s a n d i t s s u b s e q u e n t l e v e l i n g o f f s t a g e a r e t h e t a x a l l o w a n c e 
s t r u c t u r e a n d t h e n a t u r e o f t h e d i s c o u n t i n g f u n c t i o n . T h e l o s s e s w h i c h 
a r e s u s t a i n e d i n t h e d e v e l o p m e n t y e a r s o f t h e p r o j e c t c a n b e u s e d a s t a x 
a l l o w a n c e s when p r o f i t s a r e f i r s t g e n e r a t e d . T a x e x p e n s e s w i l l t h u s b e 
l o w e r i n t h e f i r s t y e a r s o f o p e r a t i o n . I n a d d i t i o n , t h e d i s c o u n t f a c t o r 
f o r m e a s u r i n g t h e t i m e v a l u e o f money i s c l o s e t o one f o r t h e f i r s t f e w 
y e a r s o f t h e p r o j e c t , b u t d e c l i n e s a n d a p p r o a c h e s z e r o a s t h e l e n g t h o f 
t h e p r o j e c t i n c r e a s e s . 
A n o t h e r i m p o r t a n t e c o n o m i c c o n d i t i o n w h i c h t h e t e s t s o f t h e p r e v i o u s 
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c h a p t e r p o i n t e d o u t i s t h e d e p e n d e n c e o f t h e e c o n o m i c w o r t h on t h e p r i c e s 
o f t h e m i n e r a l s . When t h e m a r k e t p r i c e s f o r t h e m i n e r a l s i n t h e m o d e l 
w e r e r e d u c e d b y 2 0 p e r c e n t , t h e e c o n o m i c w o r t h o f t h e i n v e s t m e n t d e ­
c r e a s e d 2 6 p e r c e n t . S i n c e t h e m a r k e t p r i c e s f o r t h e s e a n d many o t h e r 
m i n e r a l s c a n b e a h i g h l y v a r i a b l e e l e m e n t , t h e r i s k s w h i c h f i r m s w i l l 
h a v e t o t a k e when t h e y i n v e s t i n o c e a n m a n g a n e s e m i n i n g w i l l b e h i g h . 
F i g u r e 15 i s a g r a p h o f t h e c a s h s u r p l u s e s g e n e r a t e d b y t h e o c e a n 
m a n g a n e s e n o d u l e p r o j e c t u n d e r r e d u c e d p r i c e c o n d i t i o n s a n d u n d e r t h e 
c o n d i t i o n s o f t h e o t h e r t e s t s o f t h e p r e v i o u s c h a p t e r . T h e r e d u c e d p r i c e 
c a s e p r o d u c e d t h e l o w e s t l e v e l o f c a s h s u r p l u s e s o f t h e f i v e c a s e s . 
T h i s r e e m p h a s i z e s t h e i m p o r t a n c e o f t h e p r i c e f a c t o r t o t h e e c o n o m i c 
w o r t h o f t h e p r o j e c t . 
T h e t e s t w h i c h i n v o l v e d a hOO p e r c e n t i n c r e a s e i n t h e m i n i n g 
v e s s e l c o s t r e c e i v e d t h e p o o r e s t r a t i n g s f r o m t h e m e a s u r e s o f e c o n o m i c 
w o r t h , b u t t h e c a s h s u r p l u s e s w h i c h a r e p r o d u c e d u n d e r t h e c o n d i t i o n s o f 
t h i s t e s t a r e a c t u a l l y g r e a t e r t h a n t h o s e o f t h e r e d u c e d p r i c e c a s e a n d 
t h e r e d u c e d p r o d u c t i o n c a s e . T h e s e h i g h e r c a s h s u r p l u s e s r e q u i r e h i g h e r 
i n v e s t m e n t s , h o w e v e r , a n d t h i s r e d u c e s t h e e c o n o m i c d e s i r a b i l i t y o f t h e 
i n v e s t m e n t . 
A n a n a l y s i s o f t h e f i g u r e s o f t h e p r e v i o u s c h a p t e r a n d F i g u r e 15 
l e a d s t o t h e c o n c l u s i o n t h a t t h e r e i s a n e c o n o m i c i n c e n t i v e f o r m i n i n g 
f i r m s t o i n v e s t c a p i t a l i n o c e a n m a n g a n e s e n o d u l e m i n i n g . T h i s c o n c l u s i o n 
i s c o n t i n g e n t on t h e a s s u m p t i o n s t h a t t h e s e f i r m s c a n i n p u t c a p i t a l u n d e r 
t h e c o n d i t i o n s o f t h i s m o d e l a n d c a n a c h i e v e t h e c o s t l e v e l s e s t i m a t e d b y 
t h i s m o d e l . I t i s a l s o c o n t i n g e n t on t h e a s s u m p t i o n t h a t t h e s e f i r m s 
a r e w i l l i n g t o t a k e h i g h r i s k s . 
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T h e t y p e o f m i n i n g s y s t e m s w h i c h a p p e a r t o b e m o s t s u i t e d t o o c e a n 
m a n g a n e s e m i n i n g a r e t h o s e w i t h h i g h t h r o u g h p u t s . A n n u a l p r o d u c t i o n 
r a t e s o f 1,500,000 t o n s o f n o d u l e s o r more seem t o b e n e e d e d t o a c h i e v e 
t h e m o r e f a v o r a b l e r a t e s o f r e t u r n . P r o d u c t i o n r a t e s u n d e r 1,000,000 
t o n s o f n o d u l e s p e r y e a r w o u l d p r o b a b l y n o t p r o d u c e r a t e s o f r e t u r n l a r g e 
e n o u g h t o j u s t i f y t h e h i g h r i s k s i n v o l v e d . 
T h e c u r v e s f o r t h e r a t e o f r e t u r n on t o t a l i n v e s t m e n t i n d i c a t e t h a t 
f i n a n c i n g a n o c e a n m i n i n g p r o j e c t o f t h i s n a t u r e may b e d i f f i c u l t . T h e 
r e t u r n s o n t o t a l i n v e s t m e n t may n o t b e s u f f i c i e n t l y h i g h , c o n s i d e r i n g t h e 
h i g h r i s k , t o e n a b l e t h e f i r m t o o b t a i n l o a n s . 
G e n e r a l O c e a n M i n i n g C a s e 
O c e a n m i n i n g i s p r e s e n t l y i n i t s d e v e l o p m e n t a l s t a g e a n d v e r y f e w 
t e s t e d s y s t e m s a r e a v a i l a b l e . F i r m s e n t e r i n g t h i s f i e l d m u s t t h e r e f o r e 
c r e a t e new s y s t e m s . T h e s e new s y s t e m s s h o u l d h a v e t h e a d v a n t a g e o f m o d e r n 
t e c h n o l o g y a n d s y s t e m s m a n a g e m e n t , a n d h o p e f u l l y w o u l d b e v o i d o f many o f 
t h e t r a d i t i o n a l i n e f f i c i e n c i e s common t o o l d e r s y s t e m s . T h e m i n e r a l r e ­
s o u r c e s w h i c h c o n t a i n e d i n t h e o c e a n s a r e b e c o m i n g i n c r e a s i n g l y i m ­
p o r t a n t a s l a n d r e s o u r c e s a r e d e p l e t e d a n d new e q u i p m e n t i s d e v e l o p e d 
w h i c h m a k e s o c e a n m o r e p r a c t i c a l . R e c e n t d e v e l o p m e n t s i n s e a f l o o r e x ­
p l o r a t i o n e q u i p m e n t , f o r i n s t a n c e , h a v e p r o v i d e d a n u c l e a r i n s t r u m e n t 
w h i c h c a n make a n a l y s e s on t h e s e a f l o o r . A s b r e a k t h r o u g h s s u c h a s t h i s 
a r e made i n e q u i p m e n t c a p a b i l i t i e s , men w i l l p r o b a b l y c o n s i d e r o c e a n 
d e p o s i t s m o r e a n d m o r e a s s o u r c e s o f m i n e r a l s . 
A n o t h e r c o n s i d e r a t i o n w h i c h may h a s t e n t h e u s e o f t h e o c e a n ' s 
m i n e r a l r e s o u r c e s i s t h e c u r r e n t e c o l o g y m o v e m e n t . Man h a s s u d d e n l y 
r e a l i z e d t h a t t h e r a p i d p r o g r e s s o f p a s t c e n t u r i e s h a s c a u s e d a d e ­
t e r i o r a t i o n o f t h e n a t u r a l e n v i r o n m e n t . L a n d m i n i n g p r a c t i c e s s u c h a s 
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s t r i p m i n i n g a r e new b e i n g c r i t i c i z e d f o r t h e i r d e s t r u c t i o n o f t h e l a n d . 
T h e s e t y p e s o f m i n i n g w e r e u s e d i n t h e p a s t b e c a u s e t h e y w e r e l o w c o s t 
m e t h o d s o f e x t r a c t i n g t h e m i n e r a l o r e f r o m t h e d e p o s i t . T o d a y , h o w e v e r , 
s o c i e t y may b e u n w i l l i n g t o b e a r t h e d e s t r u c t i v e n a t u r e o f t h e s e m i n i n g 
p r a c t i c e s , a n d new t e c h n i q u e s may h a v e t o b e e m p l o y e d . T h e s e new t e c h ­
n i q u e s may r e q u i r e h i g h e r i n i t i a l e x p e n d i t u r e s o n t h e p a r t o f t h e m i n i n g 
f i r m , a n d t h u s , come c l o s e r t o t h e c o s t s o f s i m i l a r o c e a n d e p o s i t s . 
A l s o b e i n g c r i t i c i z e d a r e t h e t e c h n i q u e s w h i c h many f i r m s u s e f o r 
w a s t e d i s p o s a l . T h e f e d e r a l g o v e r n m e n t i s p r e s e n t l y a t t a c k i n g t h i s p r o ­
b l e m b y s e t t i n g p o l l u t i o n s t a n d a r d s t o w h i c h f i r m s m u s t a b i d e . T h e s e 
m e a s u r e s mean a d d i t i o n a l c o s t s f o r some f i r m s a n d may e v e n s h u t down 
o t h e r s . I f o c e a n s y s t e m s c a n b e d e s i g n e d w h i c h d o n o t d e s t r o y o r p o l l u t e 
t h e e n v i r o n m e n t , t h e y w i l l h a v e c o n s i d e r a b l e q u a l i t a t i v e a d v a n t a g e s o v e r 
many l a n d b a s e d m i n i n g s y s t e m s . T h e o p p o s i t e c a s e w i l l b e t r u e , o f 
c o u r s e , i f i t c a n b e p r o v e n t h a t o c e a n m i n i n g s y s t e m s c a u s e u n a c c e p t a b l e 
d e s t r u c t i o n o f t h e e n v i r o n m e n t . I f man i s t o l e a r n a n y t h i n g f r o m p a s t 
e x p e r i e n c e , t h e e f f e c t s o f m i n i n g t h e o c e a n f l o o r s h o u l d b e e x t e n s i v e l y 
s t u d i e d b e f o r e a n y l a r g e s c a l e v e n t u r e s a r e s t a r t e d . T h e c u r r e n t t r e n d 
o f l o o k i n g a t t h e t o t a l s y s t e m o f a p a r t i c u l a r p r o b l e m a n d d e t e r m i n i n g 
t h e e f f e c t s w h i c h c h a n g e s i n c e r t a i n p a r t s o f t h e s y s t e m p r o d u c e i n o t h e r 
p a r t s s h o u l d b e e m p l o y e d i n t h e c a s e o f o c e a n m i n i n g . 
A n o t h e r f a c t o r i s p r e s e n t l y d i s c o u r a g i n g t h e d e v e l o p m e n t o f o c e a n 
d e p o s i t s . T h i s i s t h e l a c k o f l a w s a n d r e g u l a t i o n s p e r t a i n i n g t o o c e a n 
d e p o s i t s o u t s i d e t h e t e r r i t o r i a l l i m i t s o f c o s t a l s t a t e s . L a w s g o v e r n i n g 
o w n e r s h i p a n d l e g a l m i n i n g r i g h t s t o many o c e a n d e p o s i t s a r e v e r y i n ­
a d e q u a t e . Some n a t i o n s , s u c h a s t h e U n i t e d S t a t e s , h a v e c l a i m e d m i n e r a l 
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r i g h t s f o r t h e c o n t i n e n t a l s h e l v e s b o r d e r i n g t h e m . A 2 0 0 m e t e r d e p t h i s 
c o n s i d e r e d b y some t o b e t h e c u t o f f p o i n t f o r o w n e r s h i p b y t h e c o a s t a l 
s t a t e . Wo d e f i n i t e r u l i n g , h o w e v e r , h a s b e e n a c c e p t e d f o r w o r l d w i d e u s e . 
T h i s means t h a t a n o c e a n m i n i n g f i r m m u s t t a k e t h e r i s k t h a t t h e d e p o s i t 
i t i s m i n i n g w i l l n o t b e c l a i m e d b y someone e l s e . T h e d i f f i c u l t y o f 
e s t a b l i s h i n g a r u l i n g s u c h a s t h i s i s u n d e r s t a n d a b l e , b u t t h i s d i f f i c u l t y 
c a n o n l y i n c r e a s e a s k n o w l e d g e c o n c e r n i n g t h e l o c a t i o n o f v a l u a b l e 
d e p o s i t s i s o b t a i n e d . 
T h e g e n e r a l o u t l o o k f o r u n d e r s e a m i n i n g a p p e a r s t o b e f a v o r a b l e , 
b u t r a p i d p r o g r e s s w i l l p r o b a b l y n o t come f o r s e v e r a l y e a r s . I f D e e p s e a 
V e n t u r e s , I n c . , s u c c e e d s i n i t s a t t e m p t t o m i n e m a n g a n e s e n o d u l e s f r o m 
t h e m i d - P a c i f i c , t h e d o o r may o p e n f o r t h e e x p l o i t a t i o n o f many o t h e r 
o c e a n d e p o s i t s . 
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b ca. r I M L lib* tiu 71 K=LD»|.X 114* i 1'J* 71 Cwt.TIiME "  115* Liu 7 K::Ln.fvP 117* CP2<K) = .l*<cP + i \PI + CF> 11c* 7 CCKTiisuF i IS* OC 73 l.=LO»v.X A«du* »-rr? IKJ = . 9 + <cP + t,Pl + C F ) 4 C P 2 (K ) X21* 73 CCMlulE 122* " " Di,' 9 iCliICi i2o* L-.C 3 (K>=FC (1) ' 12s* 'a cr;;.'iiH!F 12Q* DO 11 l«=2.r.F2 X^o* iK J =EC (2 ) 12 /* 11 CCNTIMJE " 125* U l: 13 K = K M , L P 129* 0.' (K ) = C ^ 136 + i; ĉ ;,1! i,u b 131* :)0 15 |'=KT»| P H e * 
U i {K j=l. ! 133* lb CCMlisLE 134 + Uu ll i-=LD»|> 13b* UP(K)=LP+WPl+CF 
17 C ' J M I N L E 
13 /* DC 19 K=l,Lp i3o + UAlM = .Y*ltctK) + T (KJ J 1 3 9 * rfAE(K)=.3*(rC(K)+T(K)) 
141* DC 21 K=l»Lp 
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1 4 2 * T m ( k ) = C N ' 1 ( K ) + C T l ( K ) 4 C P 1 ( K ) + , 7 * ( E 0 ( K ) + T ( K ) ) 
1 4 0 * 2 1 1 ' O K T I n L t 
1 4 4 * HC ( 1 J = 1 A ( 1 ) 
l 4 b * ' . • . i . b ( l ) = ( . f c 6 7 ) * ' . C ( l > 
i ; + o * ' . v C 0 ( l ) - V \ C ( l 5 - u C B ( l ) 
1 4 / * -.lit- 1 2 J - T A ( 2 ) 
I 4 d * rfCa<2)=(.6c7>*"C<2) 
1 4 9 + w C C ( ? ) = W C ( 2 ) - , a C B ( 2 ) 
1 5 ( J * V/C ( 3 ) = . 3 3 3 * 7 A ( 3 ) 
j . b l * 
i 5 t * 
, V C . 1 { 3 ) = ( . 6 6 7 ) * ' C ( 3 ) 
' A C 0 ( 3 ) = V i C ( 3 ) - / ; c C ( 3 ) 
l b o * ( 4 ) = , 2 b * i M 4 ) 
1 3 4 + . V C i S ( 4 ) = ( , 7 5 n ) * . ^ C C 4 ) 
I 5 d * 
1 5 o + 
V j O C ( 4 ) = V v C ; ( < + ) - W C L M 4 ) 
D O 6 0 H r l i N t l 
" 1 5 7 * V - a i ( K ) : ' - ; t [ i ( 1 ) 
1 5 c * 6 0 C O K T I M E 
l b ^ a * U C 6 1 i - -? th.\-,2 l 6 u * • . • j C U 2 ( i \ ) = W C D ( 2 ) 1 6 i * ~ 6 1 C ' J M I M . L 1 6 < i * K X = 3 + I ^ R - 1 
1 6 3 * D O 6 2 1 = 3 » K y 
1 6 4 * w C P 3 < i O = ' . n C B { 3 ) 
i 6 b * o 2 U C M I h I . E 
1 6 a * 0 0 6 3 K = U » N p 
1 6 7 * * 0 L : 4 I K ) = W C 3 ( 4 ) 
1 6 c * 
1 6 9 * " 
6 3 C O N T I N U E 
" L C = L D + ' l 
I 7 u * 0 0 2 2 K. = L C t L P 
1 / l * 
1 7 2 * w C t l ( K ) = 0 
" 1 7 3 * 2 2 C C M l h L E 
1 7 4 * o c i v = h ' u + y f - ' + r . , s 
i 7 b + 
l 7 b * 
0 C T = T i / + T L + T p 
O C P = 1 5 + V T 
1 / / * P J = I . I l l J * U C P 
I 7 d + W P A = 1 * V T 
1 / 9 * 
i S u * 
M = ( . 2 a ) * ( 0 C P + P c ) 
K 0 = ( . l i l ) * 0 c ' N 
I G l * J O 2 3 !> = l » L p 
1 6 2 * S 0 ( K ) = u 
1 6 0 + i : 3 U M l M t 
l C i * S L ( L D ) = . 2 5 * ( ^ L + T L + . 3 * 0 C P + . 5 * M ) 4 , 1 * ( 0 C P + 0 C T + 0 C P ) 
1 8 a * 
l d o * 
D O 2 b k r l , L p 
1 0 ( K ) = , l * ( E r ( K ) + T ( K ) + C ^ K K ) + C T l ( K ) + C P l ( K ) 4 S U ( K ) ) 
1 8 7 * 2 S C O N T I N U E . 
I 8 d * L Z = L D - 1 
1 6 9 * O n L ( 0 ) = 0 
1 9 u * C A S H ( U > = 0 
1 9 1 * 
1 9 * * c l : ( o ) = c 
1 9 3 * L f a ( 0 ) = 0 
1 9 4 * O v . ( U ) = 0 
I O T t U > = 0 
1 9 c * 8 V A ( 0 ) = 0 
1 9 / * U X 1 ( 0 J = 0 
19a* Q A ( U ) = 0 
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1 9 A * R > L . P ( U ) = N " kVo* P " . , X { 0 ) = 0 
2 0 I * S T , • < 0 > = 0 
" 2 0 2 * C W M O - 0 
<:Q J » TT_T_I < U ) = 0 
2UH* DTT~2"C L = T 7 L P 
2 0 j * L R " { L - L : ) E » I N » I N 
~ ~ 2 0 O * [ F X T I B 1 L L ) = . 6 6 7 * T A " T [ N + V R C H T T T J ~ 
2 0 / + L I F H L ) = L T D ( | - D + L T B L ( L ) - D R L ( L - L ) 
2 0 ^ GO T O 1 2 " " • 
2 0 9 * 1 0 L ( O L ( D = . 7 5 N * T A ( L ) + V J C B < D 
— S T O ^ I R R R R C T R U T I R ( L - I ) + L I B I T L ) - D T ? L ( L - I ) 
2 1 1 * 1 2 N A 3 = I_ + < N Y T I - « ) 
~ 2 1 ^ * D 0 2 7 K = 1 1 L " ' " ~ ~ 
2 L O * V I A ( K ) = 0 
" 21=++ ~ ~~ 2 7 C C ! , T L I \ ! F 
^ 1 3 + DO 6 K = L » N X O 
ZTO~* H B T ( K » L ) = L T I « L ( L - D / N Y R 
< : 1 7 * R C 0 , \ T I I \ ' L E 
• " " 2 1 B * K ' H ' X = L - ( N Y B - I ) 
2 1 S * _ I R ( | , S X ) 5 2 » 5 P _ 5 3 
2 2 U * o2 FWX = L " 
_ 2 I * B 3 DU B 4 [ = N S X , L 
— C T R K - R R R S R R L , K ) + q a ( N - U 
2 2 j * B 4 C 0 N T I M E 
_ . 2 ^ + DHL. C L ) - O A ( L J -d2t* 2 C c c m I M I e 
" * 2 6 * ' L F / - L P + 1 
< : 2 / * D C 2 9 ( • = L > L N 
2 2 9 * U ( K ) = J F ( K ) / I K E : - » D T ( K ) / L T E + P P ( K ) / L P F + D X 1 ( K ) 
~ 2 3 U + I F C X = N I / ( K ) * . N 3 + ( L ^ F 4 I ) / ( 2 * I . V F : ) + N T T K ) ^ 7 0 - ^ * " N R R F T F T T 7 ^ * T R R E T 
« ; 3 I * I \ V = L V ( K ) * . O 3 + ( L P E + L ) / ( 2 * L P F ) 
— D 3 ^ * I ' S { K ) : I F X + R R V " ~ 
2 3 J * ilr ( K ) = ( . R - L R . C ( K ) - F V - L A 
Z 3 T * [ J T A T K T - T AT KJ-^CKT^YRTK^Tl 
< ; 3 B * T . I ( K ) = C V 1 ( K ) + C T 1 ( K ) + C P 1 ( K ) + , 7 * ( F C ( K ) + T ( K ) ) 
2 3 C * 2 ^ C O I . T I W E 7 ' 
2 3 7 * DO 1 4 *" = L , L P 
2 3 3 * D U 1 6 1 R = 1»PO" " 
2 3 9 * S P F F C U F » K ) = I / ( I + ( L R - 2 0 ) * . 0 2 ) * * K 
— 2 * N J * a cCNTRR^RR 
2 4 I * m C C R ; T L M . E 
~ 2 4 2 * D : I 5 ( 0 ) = 0 " " " 
^ 4 3 * T C D ( 0 ) = 0 
" " 2 4 4 * D C 3 1 c-1tLp ~ ~ • " ~ — 
2 4 B * N S C - J + - ( N S - 1 ) 
—ZTRJ* E7 C -T3 -T=TF3 
_ : 4 7 * G I A ( K ) = 0 
~ 2 4 6 * 3 T ~ C 0 K T I N I " E ~ " 
2 4 9 + 0 0 3 B | - = J » N < ; Q 
" ~ 2 5 B * « 5 T ( K , J ) = S T B R J - I 7 7 N 5 T " " ~ " 
2 5 1 * 3 5 C O N T I N U E 
N B N = J - C N S - L ) 
2 5 B * I F (NSH ) 4 0 » 4Q » 4 7 
— ~ 2 5 4 * k=1 ~ ~ 
2 5 B * 4 7 D C 4 9 N S N S R . J 
9 1 
2 b c . Q A ( N ) = W S T ( J , N ) + G A ( N - l ) 
2 5 7 + 4 9 
2 5 c * L ;S ( J J = G A ( J ) 
2 £ 9 * D C 5 1 i = 1 , J - ~ " " 
2 6 0 * P L P (K ) = S T 8 ( K - D + P E P ( K - l ) 
2 6 1 * H L X ( K i = O P b U - l ) + H t X ( K - l J 
«:62'* 5 1 C O M I i ^ L E 
2 6 3 * I u ( J ) = ( P E P ( j ) - p E y ( J ) ) * 1 1 * , O l + L T P { J ) * I 2 * » 0 1 
2 64 + If- ( L D - ^ ) 2 0 0 , 1 0 0 , 1 0 0 
"~ 2 0 3 * roi P o T ( J ) - - a K q(j) + I E ( J l + f > A E " { j ) + D { J ) + S U ( J ) + I O ( J ) ) <i6b* «;6 7* r.Jl 1 I J ) = P U T f J ) 
261: + 
2 6 9 * " " P A T ( J ) = P P > T T J " 1 - T E " ( J ) " 
C G < J ) = T A T {J)+D(J) 
2 7 1 * C..1 ( J ) = - ( f . G ( J ) - n R L T J ) - D P 5 ( J ) ) 
^ 7 ^ * C0 ( U ) = C 
2 / 3 * 
r C U C o ) = T t U l j - i ) - P t i T l l J ) 
2 7 4 * TCL, (J ) = 0 
" ™ ^ 7 3 + " I F ( L D - o ) "J 1 9 , H c , ] 2 C 
2 7 a * 1 1 9 
0 ( J ) = .r5 + T A < J ) + V k C C ( j ) 
" * 7 7 * ~ G O T O i ? 4 
<;7e* 1 2 0 
0 ( J ) = . 7 3 3 * T A (u)+!f.CO(J) 2 / + 1 2 m CUx=VC ( J > - 0 ( J ) «: c J * l!-'(CCx) 1 2 1 # 1 2 1 * 1 2 2 
<;61* 
sr..(J;=-ccx ' ~ 2 8 2 * 1 2 ^ G O T O 1 2 3 «: 6 o * 
fyC (J+l5=l-.C(j+l)+CCx STP (J )=n <i(j^ + IC L 2 3 1 2 3 
TI ( J ) = C ( J ) + L Tt»l (J)+STe ( J ) - C R L ( J ) - r > R S ( J ) " t ? / • A O (w / )=l "" ~ " ~ ~ ~ j * Hi ( J ) = 0 
G O TO 01 
29'o* 2 0 u P:.*T(w)=NR( J ) - ( C C ^ + W ^ + y - 0 + O C T * T H + O C P + P O + v . P A + D ( J ) + I E { J ) ) 
2 9 1 * IF ( PL; f ( J ) ) 2 l G » ? 1 0 » 2 7 0 
2 9 2 * 2 1 0 P H 1 < J ) = P B T ( J ) 
<:9o + ro.to) = (. 
^ 9 4 * P/-T ( J ) = P B T ( J ) - T E < J ) 
2 9 o * C G (.j ) = F AT ( J ) + U (J)4-,vC ( J ) 
i9cj* T £ ( J ) = C 
2 S / + T O O ( o J = T C L i t j - l ) - F t : T l I J ) 
i 9 ti * I P ( C 6 ( u ) ) 2 2 o » 2 2 C » 2 4 0 
2 9 9 * ^ 2 2 1 ~ C O ( J ) = - ( C G ( j J - [ORE C J ) - D R 5 ( J ) ) 
3 0 0 * C S ( J ) = C 
0 0 1 * 2 3 0 " o (j) = ,; 5O*TA < Ji+ifcCorJ> 3 0 2 * S T f 3 ( J J = C D ( J ) O O O * 
T i ( J ) - C ( J J + | T d l ( J J + S 7 B ( J ) - n R L ( J ) - U P 5 ( J ) 30 - t * 24.r 
G C T O 4 0 0 
3 0 5 * ' 
X C r C G { J ) - D R j (J)-CFS(J) 3 0 u + •IFtCC)?20»2?0»?50 3 0 7 * C S ( J ) = C C 3 0 6 * C j (J ) = ( 
Ou's* U ( 0 ) = . ; b U * l « U ) t t , i . O W ) 
3 1 u * 
STt.: ( J ) = o sir* TTrJ7="C"( J)+LTbi (J)+STB( J)-DRL( J)-rjRS( J) 0 1 2 * G O T O 4 0 C 
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3 10* 27. IF ( 7 C u ( J - l)-PtU ( J ) ) 2 9 0 » 2 9 0 , 3 1 0 
21-4 • 25 r PBT1 l,):Prni J)-TCr(a-l"K ~~ 3 J _* TE ( J ) = .50*P r iTKO) 
3 l c * TCP(JJ=0 ~ """" 
3 1 7 * T-U(J )=TCD(.j - i ) 
3 1 c * 
3 1 s * C-o ( J)=f - A T ( J ) + U ( J ) - » W C ( J ) 
32 u + " CC = C G ( J ) - U K [ ( J ) - D K S ( J ) 
3 2 1 * Ii" (CC)i95»2c5»300 
"~32_ + 25T~ ~C_.(JJ=-C(T " 
3?3 + C S ( o ) = o 
3 2 4 * 4t; ru :j3c 
3 2 u * 20u C'_ ( J ) = C C 
'" ~32o* Ci. ( c ) = - . 
32 / + GO TC £60 
3 2 6 + 3i i, P ; T H u ) = 0 " 32s* T.: (J) = L 
33 u* 
33i* 
P.-T ( w i ) = P P T I j ) - T M J ) 
TCLlO ) -PFU( j ) 
~~ 3 3 2 * T l . J ( J J = T C D ( J - I j - T C U ( f J ) 
3 3 . ; * C J ( J ) - f A T ( J ) + U ( J ) + ̂ .r. ( J ) 
3 3 4 * 
3 3 o * 
Cv; = C t i ( J ) - l ) R L ( J ) - D H 5 ( J ) 
IP (CC } ; - 9 5,2q5 , - » 0 0 
3 3 c * 40b UU 401 K=1 , J 
337* 0V» (K ) =( (K ) +0l\ (K-l ) 
33d* T : ri (i<)=Ti ( :<)+TCTI i K - n 
3 3 S * C/<SH U ) =CS ( K ) + C A S M K - l ) 
34o* C:,..TI,M E ~~ " ~ " 
34 j . * I . < = { (Cf S H ( J ) / Q ' \ ( J ) >-l.000)*50+20 
34c;* I r UK-,' 0 J 4 U 4 r 4 n q , 4 0 7 
3 4 3 *• 
3 4 4 * 
407 
- - q _ , v 
i,;. = £'0 
I J - ( (C/ r SH( + B V A ( J )T/T0Tir . Jy -n iT0 (T7*504 2n 3 4 b * l r ( I P - ; 0 ) 4 0 6 f4r6» 4 0 5 
3 4 6* I = eG " " -
347 + 4Uc Ir (J-L.C)31»alO,4]C 
3 4 c * 
3 4 S * 
4 1 1 . J ' J 4 (JO K = 1 » J 
C^Sh <M=CS<K ) *cppV. (IR , K ) + C A C H (K-1.) 
3 5 u * ~ 
0 . . f ; (K ) :0 (Kr* SPF'VTt I R t KT+OWN (X-D 
3 b l * 4u3 C u i . T l U E 
" " 352+ ~ 
o b 3 * 41^ 
l r (CA5MJT-rWf»"f J T ) 4 1 2 , 4 1 6 7 4 1 8 
i: r l , ; - l 
3 34* GO TC 4 10 3 b a* 4 i c R ' ; ( J ) = ( I P - 2 n ) * 2 
356+"~ G C TC 4 3 0 ' " - " " 
35 i + 4 U K 0 ( J J = ( ( I R - ? 0 + l P - 2 0 + l ) / 2 ) * 2 353* " GO T O 1)20 3 5 S + 4 3 L DO 4 3 2 K = l , j 
3bu* C .".5h U J = C S ) * C P F V . ( I b , K ) 4 C A S H I K - 1 ) 
3 61* tWAl (i<>) = r ' V A (K ) * S P P ' a (11!» K ) 
" 3 6 2 + ~ " T C T ( K J - T I ( K ) * S F P V : M B , K ) + T O T T X - l ) 363* 4 3 £ C C K T I . N I L E 
3 6 4 * CASH ( J ) = C A S H (J) +EVAT t J } 
36b* I P ( C A S P ( J ) - T C T ( J ) ) 4 3 4 , 4 3 6 , 4 3 8 
J b c * 4^4 
3 6 7 * 30 TC 430 
3 6 c * 4 3 c" R T C «J T - f I D -2 (T) * 2 
3 6 9 * GC TO 31 
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3 7 o * 430' f U ( J ) = ( ( I B - ? G + l C - 2 0 + l ) / 2 ) * 2 
o 7 x * G O T C 3 1 
He* 3 1 C O N T I N U E 
3 7 3 * " D O 4 0 d " K = l » L P 
3 7 4 * T > C ( K ) = S U ( K > + I C ( K ) + V A E < K ) 
3 /rj* 4 0 n niMi.t 
3 7 a * L = l 
3 7 ?* L 2 = 2 
3 7 d * L 3 = 3 
""' 37-,* ~L<v=4 
3tiu* L L = o 
1* 4 9 9 G O = u O 
3 6 2 + 1 0 4 9 FOI^vAl ( 1 H 1 ) 
Oftj* ~ »v -ITEtt » ! 0 4 n ) " 
3 6 m * 1 0 5 L Fo;^-'A f E l . E y C N T » 2 X » I ? t 9 X » I 2 » 9 X » I 2 » 9 X » I ? » 9 X » l 2 » / / > 
3rtj* .v. 1 1 E 11 , l 0 5 n ) L » L g » L 3 » L 4 >Lt_ 
3?Ju + 1 0 0,: Fvi-VAf (?P T ^ , 3 y » 5 i - 1.1.0) 
O h / * vu.aTLCf , 1 0 J v ) ( T A ( u ) , J = L , l . L ) 
3 d c * 1 0 5 3 F-JI<MA 1 (3H I'.r ,3X»5f- 11 . 0 ) 
3 P. 9 * AftlTE(( »105.-») ( W C ( J ) i J = r . t L L T 
3 9 j * 1 0 5 5 F ; p * A r l ? H 0 , 4 X # 5 F 1 ] . 0 ) 
3 9 i * i H E t c r 1 0 5 k ) (c 105 » J = L » L L ) 
3 9 2 * I 0 o 7 Fo:<:* A r ( 5 h LTf-U f 1X r 5 F 1 1 , 0 ) 
3<3J* >,,• • I T c t . » 1 0 5 7 ) (L TF 1 (J ) , J = L , L L > 
3 9 4 * l O b s For.N'AT (3W T j * 3\» 5F 11 . 0 > 
2 9 5 * W . H E (6 »105"^) ( T l l J I , J = L » L L > 
3 9 o * 105'. FO,<r-Af (3P 0 w » 3 V » 5 F 1 1 . 0 ) 
3 9 7* A « l T t U ,105(i) (pfc(J) »J=L,l..L) 
3 9 c t lObt. F - A I (4H L t C » » ? X » 5 F J 1 . o ) 
«.xITL((-. 1 0 5 ? ) (t.TniJ)f J = L , L L ) 
4 0 o * 1 0 5 c FOr^N'A I (Eh T r . T I » l X » 5 F 1 1 . 0 ) 
4 0 i* 0 . r O . T E ( L , 1 0 5 ; O ( T O T I ( J ) , J = L , L L ) 
4 0 2 * 1 0 6 0 FOHf-'A J ( 4 H S T B » ? X » 5 F 1 1 . 0 ) 
it 0 3 * "vniTt.(f ~, j 0 6 n ) ( S T ^ T J ) 7 " J = C , L L ) 
4 Q h * 1 0 6 1 FOp.f'A r (OH i3vAt ? X i 5 F J l.f!) 
4 O 3 * w.'i If L (6 » J 06 1 ) (f-3 VA ( J ) > J = L , L L ) 
4 U c * 1 0 6 2 Fur<"A I ( lX»2i|VT » 4 7 X » F 1 * , 0 ) 
4 0 7 * !i < l T E l 6 » l ! J c ? ) V T 
4 0 d* 106-1 FOH)> A T ( 3 H G r > , 4 7 X » F l l , 0 ) 
4 0 9 + fliiITfc.l6» 1 0 6 u ) G P 
4 1 J * l O c t F U F W A r < 4 H I f . S » p X , 5 F 1 1 . 0 ) 
4 1 1 + fcnITt I c » 1 0 6 a ) ( I N S U ) » J = L , L L ) 
4 1 2 * l O c O F O f f ' A r ( ? H v f 4 a x » F l l , 0 ) 
4 l 3 + a k I T E ( £ » 1 0 6 p ) M " " ' 
4 14 + icos* F O k ^ A T ( 3 H L / \ » 4 7 X » F 1 1 . 0 ) 
4 1 5 * » w < l T E ( 6 » 1 0 6 9 ) L A 
4 l o * 1 0 7 j P U K K A T ( 2 H N p » 3 x » 5 F l l . 0 ) 
4 1 7 + rt.UTt i b » 1 0 7 n ) (K'R(J) , J = L » L L ) 
4 16 + 1 0 7 1 F0».;yAr(4H O r W t 4 6 X » F l 1 . 0 ) 
4 19 + " « T . l T E ( 6 » 1 0 7 i ) O C K " 
4 2 u * _ 1 0 7_z_ F o R N A r ( 3 H r r ; » 4 7 X » F l l , 0 ) 
"42 i * , v < I T H C » 1072).J|0 
42«d* J 0 7 3 F 0 p f / A f ( 4 H C c T » ' i 6 X » F l l . O ) 
h 2 0 * .viii I't.l6.1l)/3)CCT 
4 2 4 * 1 0 7 4 F C W A I C 3 H T H » 4 7 X » F 1 1 . 0 ) 
42"-j + V,f*I7E(6»10/i») TH 
4 ? u * 1 0 7 a F 0 R V A K 4 H O C P » 4 6 X ' F 1 1 . 0 ) 
9k 
M2 J* WRITE. (b» 107«)OCF il'o* " 107c" FCt̂AT(7H Pr,47X,PU,Cl " -" 
•4 ?. -j 4 •vH I T T ( 6 » 1 0 7f >po " 43u* ~ 1077 F%*Ar(4H i.pA»JiEX»Fll"."0T 
•4 3 x* WSlTM6»1077)fcPA 4̂ * l07d huf^A f (2H D,4X,5Fl.0) 433* I'MlTt. (6»107p) {D( J) »J=L»LL) 434* 1079 
f-Cf;f-'AFi4H HC , ,:X , 5F j 1. 0 > 
4 3c* ,-j.<ITt (6»107c) (TNC(J) ,J=L,LL) 43o*" iCcK F̂i '-'An3H ip»3v»=rn.n) 43 /* i-j.,ITE{6»men) ( IE(VJ) »J=L,LL) •*3d * 10c2 FC.̂ 'M 1 (4H Pi;T»?Xrbhl.Q) 
4 3 * lCt!4" a m I T L 16» 1U8?) (PPT < J) »J=L,LI.) 44u* F;«.vA f (4;' T c o»? y > 5 F j l. o J 
4 4 1 * l0d6 „ UTE16, lOfla) ( fCD< J) »J=L,LL) 
4 4 2+ ~ F I . M I ' A i (EH PpTl,l/'bFli.O) 443* ŵITfc" (6» 1086) ( r- 1- T J (J ) , J=l ,!.L> 44m * 10c- FÛ'A( (3P; Tr»3'A»5f- 11.0) 
44 b t . k k I T l ( 6 t 3 08 o) (rE ( J ) , J = l.,! L) 44u.t - jGSi. FOf-N'A T (4H P'.T,2X»5FH.n) 1 4 4 / + b.<ITE(6»109o) ( P A T ( J ) »J=Li.LL) 
4 4 c * " l&9i Fcf'VA I (?M n,4X,5F11.0) 44 9* w\ITL(6» 109_) ( n ( J ) ,J=L»LL ) 
4 b u * 109c r'^-fi f(3H 0G»3v,5-lJ .0) 45i* 1094 >, ITE U,, 109?) {CG(O) ,J=L,LL) 
4 52* hr.pi'v'AT (4H DpLi ?X»SF1 l.m 4b3* I.UTE (6» 109u) (hRL < J ) » J=L . |_L ) 
45h* 1095 FCnf-'A T ( 4H DrS»pX»5F] 1.0) 
4 b c * v.':<ITL(6» 109r) C-RS(J) »J=L,LL) 4bu* 10 96 F Jr-r/* f (3H Cr ,3y,5r 11 .0) 
4 5 / * V., ITE (6» 1096) (CS (J) t J=L,LL) 4 b j + I09v F./>. MA T { 3H o»3v,5Fl  .0) """ 
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41 b* L = L + 5  h c * L2=L2+S" 4& / * L3=L3+5 Hto* L . = L4 + 5 469* LL=LL+5 47Ci*~ Ir (LL-20~1 H~9g,Ĥ9"V5aU 471* 500 STOP 472*" 
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OUTPUT FOR TESTS 
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L L L H i- f - T 1 
7 2il-PG' < . ^ i ooo. j . 
2il»(Jbl 1 ) , c 7/bPfco. ,or-21"*39. 2012P7] 
C 1 ^ 8 6 f . 6/j 56P52 • 2 5 1 6 P P C " * , n # 
2cul4i * y .< j 4 o u • 12^33093. 7«=4fl?6Pn. 
Tl 1931807 3. 10u?6^610. -141 7798* • 
2 7 v 7 u U • 9 p 5 4 0 5 2 # 34 4l4 9 t A * . 34 4 J 494 f:i . 
L r, 1(M£571P. 9 2 9 6 P 0 4 P . 
Tul i <4_tL fjO- 0 . 27^67°9^. 1321V5CP. 117<^552^. 
ST; {' # 628478. 6 6 4 P 5 1 C . i # 
Hv.< ~ o / 9 4 7 4 . 17r98<^22. 9?624744. 
v r 1-0000^. 
1 M ' 4 7 1 7 9 P . 
o. o • 0. 14 2 0 f* h O , tupoasn. 
6°4937L'. 
L;. 7r:0000'l. 
0. n . 1 7 * * 0 1 5 7 4 , 
O C i 
MO 320077. 
c c r 79?3000. 
T H 10^0537*. 
CcP ? ? s n o o o o . 
Pu 2 / 4 0 7 5 0 0 , 
top A 1^00000. 
D luSOoo. ?.L552o. ^26637• 57890M6. 578904*. 
Tî C 12000< 0 . 12uOOOU. 41)94609. 15354748. n # 
It tdcM 1 X t t 44^224. 1 45H*>57 • 7 4 7 c i r 2 . 767613^. 
-1 b o 3 7 5 0 . -6n7biG4. -3003979P. 75?n686?. 
TCU 10ri9iK'. 9*468966. 39508764. 
Pull -lyi.91 j* . -i«c3750. -6076104. -30039798, 35*9809", 
TEL 0. U. 0. 0. 17<>49049, 
P A T -lo< : 9 l u . -16g375O. -6ft76104. -30039798 . 5 7*57813. 
D 21552u, c 2 t 6 3 7 . 5789046. ^7pgo4^ . 
CG -l4<-:£4 IIP, -I64d224, -5F49467. -24250751. 6314685°. 
O i i L u. 3*5017:3. 700350. 23169P7. 1175232^. 
0. 0. 0. 20Q493. 242566'J. 
c s 0. 0, 0. 0. 48^68873, 
CD 1424112. 1998399. 6 ? 4 9 * l 7 . 26777230. 
taC 277588*3. 5621^39. 2012P715. 
RO .f.00 • 000 .000 .000 26.000 
RI . 000 .000 .000 .000 lO .onp 
98 
ELtMU I 6 7 n 1 n 
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]fiL o • o. o. 
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^4<ti49'4[. . .',44 t'l94^. 
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LTL :.7l »h42U. 5 5 ^ 9 4 0 9 9 • 43641777. 
71
 p 8 9 4 5 r- • 
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V 1 1 ^ 0 0 0 0 n . 
GjJ 1 5 t "7179>> . 
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i cu 0 . u • 0 . n . n 
p j i l ttl<i44012. 2 1 ^ H l 6 d . 8 2 f i 8 ^ 9 6 . 8 2 8 8 2 9 ^ 6 . 
T t 4 0 o i . 2 G o t . ' • 1 0 6 4 0 8 4 . 4 1 / . 4 1 4 9 8 . 4 1 4 4 1 4 9 8 , 4 1 - 4 4 1 4 9 ° , 
P A f 4 0 c 2 2 l H » f r . ' . 1 0 ^ 4 0 8 4 . 4 1 4 4 1 4 9 8 . 4 1 4 4 1 4 9 8 , 4 1 4 4 1 4 9 3 . 
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E L . L . M U T I T L1 .1 U 2 0 
T A I. , <J« N . n , '; , 
TOC O . O . O • N • 
C (. . J • r> n , 
U , i C . J • 0 . 0 • 
T L C I . U , N . N # 
0\\ 34HI4S<-'5. " M 4 I.494 A . 34U14 945• 344t/"^5 . 34<I 1 4 9 4 F C ' • 
L T I , 3. 3 . T 
T 0 1 i 34^ 1.49 . <U/• 1H«4 8 • 344 1 4 
S T , - 0 * U . N . 
B V A 2 3 I 5 6 I > 173'; 714c'. -» 
V L 1 F 0 0 0 n ̂ . 
1 5 1 4 7 1 7 9 - . 
I ' . 5 , L » R 0 8 5 0 , 14.-jfi5u. 1 4 T U - ^ d * 1 4 2 P O *- n , 1 'i?085°. 
6 2 4 9 3 7 c , 
L N " ' 5 ( 1 0 0 0 0 . 
lJ'^olb 74, J L ^ 3-,157 4. 136' 01-74. J3e30l574. 1 * ^ P 1 5 7 ' ' ! , 
C C . 2 0 8 3 5 8 '"• . 
\?0077, 
C C I 7 Q P 3 N 0 0 . 
In 1000537^. 
O ^ P 2 2 * 0 0 0 0 0 . 
HO "J9750". 
WfV 150000^. 
D b / T 9 0 N F . B7'i9 04o. 5789046. R . 7 ^ G O 4 ^ , 
T I V ' L N . u , O . N . 0 , 
I T J • 0 . N . N 
P R'l 82ec2996. . 2 8 C:£99b, 8 2 8 P 2 C 9 6 . 62882996, 
T C U N . J . 0 . 0 . 0 , 
P U T L d2t)829V6. c2<J 2299a• 82882996.. 82*82996. p?npp99^ # 
TFC. 414414'^. "144J 496. 4144149° . 41441498, /T 1 4 4 149ft , 
P A T 4l44l49f. <U44l49o. 41441496. 41441498, 4 144149P, 
D 5 7 L 9 U 4 6 . L7d9C4a. 57fc9f)46. 5 7 8 C 0 4 6 . 57P9046, 
C O 47<^05'»4 . ^72^0544. 47p30 u44. 47230544, 4723054^. 
C I < L ( J . U . 0 . N . N # 
D < < S 0 . 0 . 0 . N . N # 
cs 47<ii0b44. ^72.^0544. 4 7 . O 3 0 5 4 4 . 47230544, 472^0544. C U 0 . 0 . 0 . N . r, 0 . J. O . N . •» 
R O 7 6 , U O O 7 8 . 0 U 0 7 8 , 0 0 0 7 P . 0 0 0 7 8 . 0 0 0 
HI 3 2 . 1 U N 3 2 . O U C 3 2 . 0 0 0 3 2 . 0 0 0 3 2 . 0 O Q 
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LLf > U T 1 '•> 5 
2ii;00j 0. 21 . o o o j . 14^46' 95. 80^148^0. 
wc *fii*0C!" 0 . 2 71 cj 6 ft o . 5f 21?39. 201 2P71 e ;. n, 
c 1398^. 0. 13 >>t0u. 6 4 5^*52. 25 1.6089'* • n . 
Lf„l 2of. l4i 0. i.8'.'l400. 12^33^93. 754826'0. ri . 
Ti 4*00000. 19.-»-l«jn73. 104765610. -14177986. 
0* u s e e c o. <=7"72U J , 9?54c52. 34414945, 74414945. 
U . 2o(-l4« 0, 5cJ2800. 1P165718. 9296804 8. 90651062. 
TOTi C0^9 I'2J. 27 «6 7>98. 13213350P. 1 1 " 7 Q6552>. 
ST., G2ni'78 . 6648515. 
fcWA 3«/9474. 17 ̂ 9rtr-32. 926247^4. 86" <569<>. 
VI 1.50000H. 
bi< J. 21 006724. 
l.O u • 0. 1420850. 142085O. 
M 6049375. 
L A 7*50000". 
o. \ r5 r*365on. 
ou. 2 ° p 3 5 8 ° . 
MO 3P0077. 
O C T 792300°. 
Tn .1 0Hn5376. 
OCR 22^00000. 
PG 9497500. 
VHP A 1*0000^. 
L> I L B C : 0. 2i552u. ^26^37. 578Q046. C5700046. TVc l ̂  U Q 0 0 0 . 12J0U0U. 4 094609. 15354748. 
IL 2241J2, 4HP224 , 1454^57. 7475152. 7676135. 
P6T -Iij291t2. -18o3750. -6076104. -3003Q798. 4 4 741787. 
TCD lair.9112. 33^2862. 9466966• 39508764. 
PBri -1^:9112. -18u37bu. -6n7ol04. -3003C7<;P. ^23302 *• 
Tc 0. u. 0. 0. 2 6 1 6 5 H . 
PAT -Ij291i2, -1863750. -6n76104. -3003^798. 4212527*. 
D 1L5000. 2l5b2o. 526637. 5789046. 578904fi. 
CG - 1 ^ 1 . ^ . -16HC?224. -5^49467. -2425075!. 47914322. 
DHL 0. 35017b. 700750. 2316987. 1 1.75232'. 
DrtS e. u. o. 209493. 2425664, 
C5 0. 0. 0. 0. 3"
,73633*. 
CL 14241J2. 1998399. 6?49*17. 2677723 . 1. 
WC 2iU0Uf 0. 27 /588d. 562i339. 20128715. 
R O .000 .000 .000 .000 .000 
Ri .coo .000 .000 .000 ,000 
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T 6 8 C! 10 
T A i ) . 0 . o . 0. 
w C 0 . u • 0 . n . ~> 
0 0 . yj • p. o. n . 
L T . l 0. J. o . n . 
T I -141779/ 6 . - i 3 9 " . 8 4 9 o , -11752322. -11752522. - 1 1 4 0 2 1 4 7 , 
0* j 4 4 1 4 9 4 b . 3 4 4 1 4 9 4 ^ . 34414945. 3 4 4 1 4 9 U F . 7 4 4 1 4 9 4 r . 
L T '. 7 8 e 9 8 7 4 i . r 7 1 + £ 4 2 J , 5 5 ^ 9 4 0 9 9 * 43641777, 3 1 ^ 8 9 4 5 6 . 
7 0 T i 10-3777bo6. •4-9fi jO04ci. 7 8 r b b /22. 6 6 3 0 4 4 M . 54902254• 
S T . , 0. n . p 
B v a 
a i u 4 6 6 5c.. /'b2.^760o. 69«6db"60. 63679514. c,7-?9046''. V T 150001 % Gr< 121 °0672'i, 
l4c.08L 0 . 1 4 ; . 0 8 5 u . 1 4 2 0 8 5 0 . 142085P. 1 4 2 0 8 5 % 
H 6 2 4 9 3 7 * . 
L A 7500000, 
MR I u b d 2 6 b ! l>. i . bb.:cbOU, 1 0 5 f 4 3 b c 0 0 . 1 0 5 ^ 3 6 5 r n . 105.^3650 I. 
OL, 9«8358P. 
N'O 720077. 
O C T 7923000, 
7H 1 0005376. 
OCP 2 2 ^ 0 0 0 0 0 , 
P u 24Q75 O . i . 
1^0000 * 1 . 
u 5 /̂ 9(J'< 6. 57J9046. 5789046. 578ci0a6. ^7^9046, 
Tf'C 0. u. 0. n. 
I L 65904 r , 9 . 5b,;4684. 4 / i 3 1 ^ 2 6 . 349134?. 2551156, 
PFi | 4 5 ^ 7 5 1 2 , 4 ^ 9 1 3 2 3 9 . 4 7 o 8 6 * 9 4 . 48926579. 4 9 * 6 6 7 6 5 , 
T C U 0 . u • 0. 0. 
P L l l 45d<7512, H 6 9 i323d. 47c8b394. 48926579. 4 9 * 6 6 7 6 * . 
T c 22yi37b6, 23459619. 23993197. 2 4 4 6 3 2 8 ° . 24033385. 
P A T 22913756. 2 3 4 b 6 6 l 9 , 23993197. 24463289. 24933382, 
P 576904 6. 57d904o, 5-789046. 5789046. 5^89046. 
C G 2 8 702602. ,9245665. 29782243. 30252336. 30722429, 
D R L 11752322, 11752322. 11752322. 11752322. 1 1402147, 
DRS 2425664. ;:2i6i72. o. 0. 
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